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Abstract 
 
The development of MRI imaging agents has been central to the rise of MRI as a leading medical 
diagnostic tool. While many advances have been made in the field of molecular imaging agents, the 
development of partially-fluorinated 
19
F MRI agents is hindered due to a lack of clear understanding of 
their properties. Therefore, it is very important to develop effective molecular imaging agents from 
both the fundamental and the applied perspectives, and to build a molecular-level understanding of the 
responsive behaviour of 
19
F MRI agents to external stimuli. 
 
To this end, this project aims to develop novel polymeric 
19
F MRI contrast agents for improved cancer 
diagnostics and therapy. In Chapter 2, fluorine-containing copolymers of oligo(ethylene glycol) methyl 
ether methacrylate (OEGMA) and 2,2,2-trifluoroethyl acrylate (TFEA) were synthesized using reversible 
addition-fragmentation chain transfer (RAFT) polymerization. The thermo- and ion-responsive 
properties were carefully studied by various characterisation techniques (
1
H and 
19
F NMR, DLS and 
UV-Vis) at different temperatures in the presence of salts. The influence of OEGMA side chain length, 
copolymer composition, and salt type on aggregation behaviour and dynamics was examined in detail. 
It was found that motion of the protons located in and near the hydrophobic main chain are more 
sensitive to temperature than protons in the hydrophilic OEGMA side chains.  
 
Molecular level understanding of the behaviour of responsive MRI contrast agents is very important for 
the design and application of the materials to the detection of important disease states in animals. 
Therefore, in Chapter 3, the combination of experimental techniques and molecular dynamics (MD) 
simulations was applied to the study of thermoresponsive copolymers of OEGMA and TFEA 
(poly(OEGMA-co-TFEA)). Below the LCST, a coil-like conformation is adopted and unimers are 
dominant in solution. As the temperature is further increased above the LCST, collapsed chains are 
observed. In the meantime, large particles are formed, due to the aggregation of polymer chains as 
supported by the DLS results and MD simulations of ensemble of three polymer chains. 
Correspondingly, the cross-peak intensities in the NOESY NMR experiments increased significantly as 
the temperature was increased above the LCST.  
 
The influence of dissolved salt on the responsive MRI contrast agents is a very important consideration 
for polymers intended for physiological applications. In order to consider this effect, in Chapter 4, 
 
 
ii 
molecular level studies of ion-responsive poly(OEGMA-co-TFEA) in the presence of NaCl were 
conducted through the combination of experimental techniques (DLS, 
1
H and 
19
F NMR) and MD 
simulations. The hydrodynamic size of the polymer was decreased with the addition of NaCl, 
indicating intramolecular aggregation of the polymer in the presence of NaCl. Oxygen atoms of some 
of the OEGMA side chains were directly bonded to Na
+
 leading to a partial dehydration effect on the 
polymer in the presence of NaCl. It was also observed that the 
19
F NMR T2 decreased with increasing 
NaCl concentration. Based on the much higher NaCl concentration in cancer cells compared with 
normal cells, the ion-responsive MRI contrast agent was applied for the detection of cancer cells by 
monitoring the changes of 
19
F NMR T2 in vitro.  
 
In many MRI examinations, contrast agents are required to improve the image quality and visualize 
specific body tissues. Therefore, in Chapter 5, perfluoropolyethers (PFPEs) were chosen as the source 
of fluorine for the synthesis of 
19
F MRI contrast agents with high fluorine content. The structural 
characteristics, 
19
F NMR relaxation times (T1 and T2), 
19
F MRI and 
19
F MRI signal-to-noise ratio 
(SNR) were studied in detail for PFPE end-functionalised homopolymer of oligo(ethylene glycol) 
methyl ether acrylate (poly(OEGA)-PFPEs). The 
19
F MRI SNR increased linearly as the fluorine 
content of poly(OEGA)-PFPEs was increased. A comparison of 
19
F MRI properties of poly(OEGA)-
PFPEs and poly(OEGMA-co-TFEA) indicated that PFPEs is a promising fluorine monomer for the 
synthesis of highly sensitive 
19
F MRI contrast agents.  
 
The combination of experimental techniques and MD simulation studies opens a unique window on the 
molecular level understanding of the behaviour of responsive polymers. In Chapter 6, we apply this 
combination to investigate the thermal behaviour of dendronized polymers. Below the LCST, the 
interior segments of the dendrons, as opposed to those in the periphery, experienced a relative increase 
in mobility as the temperature was increased. As the temperature was increased above the LCST, the 
interior protons experienced a larger decrease in mobility than peripheral protons. The aggregation 
behaviour of the thermoresponsive dendronized polymers was also measured by diffusion ordered 
spectroscopy (DOSY) below and above the LCST, indicating the formation of aggregates with different 
sizes and mobilities.  
 
 
 
iii 
In summary, this thesis studies the development of novel thermo- and ionic responsive 
19
F MRI 
contrasted agents. The combination of experimental measurements and MD simulations provide a 
useful platform for the study of the behaviour of responsive materials.  
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 Stimuli-responsive Polymers 1.1
 
Interest in stimuli-responsive materials (also called „smart‟ materials) has been steadily growing among 
researchers in the pharmaceutical and biomedicine sectors. Responsive materials can adapt to an 
external stimulus from the surrounding environment, such as ions, heat and electricity by varying their 
conformation or structure. These changes are generally accompanied by changes in some physical 
properties of the materials, which can be measured. Stimuli materials, especially the high 
oligo(ethylene glycol) (OEG) and its derivative are playing an important role in many domains, such as 
drug and gene delivery,
1,2
 surface and tissue engineering, imaging
3
 as well as sensors
4
 and diagnostics. 
Special attentions should be paid to the thermo- and ion-responsive properties of OEGs for 
physiological applications, because of the abundant presence of ions in the living body and the 
differences in temperature and ionic strength in normal and cancer cells. This last point offers the 
potential for such stimuli-responsive materials to measure diseased cells. 
 
1.1.1 Thermo-responsive polymers 
 
Thermo-responsive polymers are one of the classes of “smart” materials which have the ability to 
respond to a change in solution temperature at around a lower or upper critical solution temperature 
(LCST or UCST) by varying their properties across a small temperature range. The majority of these 
materials displays an LCST-type phase transition, below which the polymers are water soluble and 
above which results in phase separation and reduced water solubility.  
 
Up to date, poly(N-isopropylacrylamide) (PNIPAAm) has been the most studied thermo-responsive 
polymer with a LCST at around 32 
o
C in pure water.
5
 The combination of a sharp phase transition and a 
tunable LCST near body temperature makes PNIPAAm promising for physiological applications, such 
as drug delivery.
6,7
 However, the use of PNIPAAm for biomedical applications still has some 
drawbacks. A major hurdle for the use of PNIPAAm in the biological field is that the PNIPAAm 
monomer is suspected to be carcinogenic.
8
 Moreover, the amide functionality in PNIPAAm may 
participate in non-specific interactions with proteins in biomedical applications. 
9,10
  
 
Since Lutz and co-workers reported the thermo-responsive properties of poly(oligo(ethylene glycol) 
methacrylates) (POEGMAs), many researchers have focused on this field not only because of the 
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tunable thermo-responsive properties similar to PNIPAAm (POEGMA also experiences various 
hydrogen-bonding interactions with water when temperature changes), but also because of the well-
established biocompatibility and non-toxicity of PEG chains.
11-13
 Various ether-tipped poly(ethylene 
glycol) (PEG) methacrylates analogues have been reported with the LCSTs being in the range of 26 
o
C 
to 90 
o
C, depending on the length of the side chain (Scheme 1-1).
14
 In a typical study, Lutz et al.
13
 
compared the LCST behaviour of P(MEO2MA-co-OEGMA) copolymers with PNIPAAm, observing 
that the copolymers exhibited comparable or superior thermoresponsive behaviour in aqueous solution. 
A sharp transition on heating and a broad hysteresis in the cooling process have been observed for 
PNIPAAm, while a much more uniform thermal profile with heating and cooling cycles were obtained 
for P(MEO2MA-co-OEGMA) copolymers. This hysteresis is most likely a result of dehydrated 
PNIPAAm globules exhibiting intra- and intermolecular hydrogen bonding, leading to slow 
equilibration upon cooling. OEGMA-based polymers do not undergo intermolecular hydrogen bonding 
and thus exhibit limited hysteresis.
15,16
 Herein, we mainly aim to highlight the properties of thermo-
responsive OEGMA polymers based on the recent findings.  
 
 
 
Scheme 1-1. Molecular structure of oligo(ethylene glycol) methacrylate monomers and the LCSTs for 
the corresponding homopolymers. All of the LCST data are for aqueous solution.
8,15,17,18
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Figure 1-1. Plots of transmittance as a function of temperature measured for aqueous solutions (3 
mg/ml) of (a) a copolymer poly(MEO2MA-co-OEGMA(475)) containing 5 mol % of OEGMA(475) 
per chain (DPn ≈ 100, Ð = 1.34) and (b) a homopolymer of NIPAAm (DPn ≈ 100, Ð = 1.12): solid lines, 
heating cycles; dotted lines, cooling cycles. Adapted from Ref. 
13
  
 
A number of workers have prepared polymers with well controlled phase transition (LCST) 
temperatures by copolymerising OEGMA monomers having different chain lengths. In this way the 
hydrophobic-hydrophilic balance can be controlled and the LCST varied in a systematic manner. 
Several groups have reported the design of thermo-responsive POEGMA series.
19-21
 For example, Lutz 
and co-workers have synthesized copolymers of two oligo-(ethylene glycol) monomers (MEO2MA and 
OEGMA(475) monomers) via RAFT or ATRP polymerization (see Figure 1-2). Shorter side chain 
length of OEGMA series results lower phase transition temperature of corresponding homopolymers. 
Researchers adjusted the thermo-responsive behaviour of POEGMA series with a LCST in the range of 
26 
o
C to 90 
o
C through changing the feed ratios of MEO2MA and OEGMA(475).
22
 Furthermore, other 
copolymers of OEGMA series can be synthesized use OEGMA monomers as listed in Scheme 1-1. 
Matyjaszewski and co-workers reported the synthesis of statistic thermo-responsive copolymers of 
MEO2MA and MEO3MA through ATRP.
23
 The LCSTs of the copolymers were increased linearly with 
the mole fraction of MEO3MA over the range temperature from 26 
o
C to 52 
o
C. Lutz and co-workers 
have developed novel biocompatible thermogels of the copolymers of MEO2MA and OEGMA(475) or 
OEGMA(300) in the presence of PEG macroinitiator. These polymers exhibited an inverse sol-gel 
transition in all pure water, saline or non-saline buffer solutions. This sol-gel transition temperature can 
be adjusted within physiological range by simply varying the composition of the POEGMA segments 
(Figure 1-2b).
24
 Moreover, researchers also reported the synthesis of POEGMA series with longer side 
chain length of OEGMA. For example, comonomer pair of MEO2MA and OEGMA(1100), MEO2MA 
(a) (b)
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and OEGMA(2000) as well as MAA and OEGMA(1100) was successfully synthesized with 
controllable thermo-responsive properties. 
22,25,26
 
 
 
Figure 1-2. (a) The structure of as-synthesized poly(MEO2MA-co-OEGMA(475)) copolymers and the 
Hydrophobic and hydrophilic parts are marked out in red and blue, respectively. (b) Plots of the 
measured LCSTs versus the theoretical average number of OEGMA(475) units per chain for a series of 
poly(MEO2MA-co-OEGMA(475)) copolymers of various composition. (c) The digital photographs for 
poly(MEO2MA-co-OEGMA(475)) in aqueous solution below and above LCST. (d) Proposed 
mechanism for the temperature-induced phase transition of copolymers poly(MEO2MA-co-
OEGMA(475)) in aqueous solutions. Adapted from Ref. 
14,27,28
 
 
The conjugation of other functional monomers with thermo-responsive OEGMA series is also reported 
in literature as a method of controlling thermal properties or of imparting additional functionality to the 
polymer.
29-32
  Pietsch and co-workers
33
 reported the synthesis and evaluation of the copolymer of 
MEO2MA and disperse red methacrylate (DR1-MA) as dual sensors for both temperature and pH. The 
dual-sensitive polymeric material shows responsiveness in a temperature range of 10 to 20 
o
C and a 
(a) (b) (c)
(d)
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range of pH values from 1 to 7. Moreover, Li and co-workers
34
 exploited the thermo-responsive 
tripolymers of OEGMA(475), MEO2MA and 2-hydroxyethyl methacrylate (HEMA) (poly(OEGMA-
co-MEO2MA-co-HEMA)), the hydroxy group of HEMA was modified with SiPcCl2 for the application 
of photodynamic therapy. Moreover, researchers also reported the thermo-responsive copolymers of 
OEGMA(300) with PNIPAM (serve as a sufficient drug delivery for FITC-dextran molecule), 
OEGMA(300) with ethyl cellulose (the amphiphilic copolymers have a potential application in drug 
delivery) and polycaprolactone with MEO2MA (the gel can be readily liquefied by changing the 
temperature, thus the sub-culture of cells can be conducted without the existence of enzyme and with a 
just simple temperature change, as shown in Figure 1-3). 
35-37
 
 
 
Figure 1-3. (a) Reversible temperature induced gelation and flow of PCL/poly(MEO2MA) suspension 
in DMEM. (b) Gel-fluid phase diagram for PCL/poly(MEO2MA) microparticles at 37 
o
C, as 
determined by the tube inversion assay. (c) Schematic of temperature triggered reversible aggregation 
of nanoparticles.
34
  
 
(a)
(b)
(c)
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1.1.2 Ion-responsive Polymers 
 
The Hofmeister series describes the ability of ions to precipitate proteins from an aqueous solution. The 
series were firstly reported by Franz Hofmeister in 1888, with a typical order of anions as follows: 
CO3
2-
 > SO4
2-
 > H2PO
4-
 > Cl
-
 > Br
-
 > I
-
 > ClO
4-
 > SCN
-
.
38
 It is a common view that the ability of ions to 
precipitate macromolecules is more pronounced for anions than cations. The anions mentioned above 
can be classified as so-called kosmotropes (water structure maker, water dipoles are highly oriented) or 
chaotropes (water structure breaker, water dipoles are less oriented or even disordered), and chloride is 
often considered to lie at the boundary between kosmotropic and chaotropic behaviour.
39,40
  
 
The early interpretation of these effects was that the ions do not interact with the macromolecules 
directly, but rather affect the solubility of macromolecules through the interaction with adjacent water 
molecule. Anions have a strong surrounding electrostatic field, and they strongly interact with the 
magnetic dipoles of the water molecules (Figure 1-4a). However, recent experimental investigations 
query this viewpoint, and demonstrate that bulk water structure making and breaking by salts is not 
central for most physical phenomena of proteins in ionic solutions. Recently, several researchers have 
studied how the salts in the Hofmeister series influence the behaviour of both charged and neutral 
macromolecules in ionic solutions.
41-43
 For example, Bakker and co-workers measured the orientational 
correlation times of water molecules in three different kinds of salt solutions (Mg(ClO4)2, NaClO4, and 
Na2SO4) by means of femtosecond two-colour pump-probe spectroscopy. These workers concluded 
that the addition of ions has no influence on the rotational dynamics of water molecules outside the first 
solvation shells of the ions, in other words, the presence of ions does not lead to an enhancement or a 
breakdown of the hydrogen bonding network in liquid water even at very high salt concentrations (up 
to 6 M).
44
 Similar results have been reported by other researchers.
45-47
 Since it is now known that bulk 
water structure is not greatly influenced by the present of salt, direct interactions between the ions and 
macromolecules can be proposed as being responsible for the Hofmeister effects on macromolecules 
(see Figure 1-4).
43
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Figure 1-4. Anions, water structure and polymer structure. (a) The first solvation shell of an anion 
dissolved in water. (b) The direct interactions between anions and polymers in aqueous solution. 
Taking PNIPAAm for example, anions can bond directly to the amide moiety of PNIPAAm and 
therefore hydrogen bonding between water and PNIPAAm will be broken down.
42,44
  
 
As mentioned above, the poly(oligo(ethylene glycol) methacrylates) possess both a hydrophobic part 
(methacrylate) and a hydrophilic part (PEG side chain), which will provide the polymer with thermos-
responsive properties. The ionic responsive properties arise from the presence of the long side chains 
owing to the interfacial water structuring normally associated with PEG. Alexander and co-workers 
reported changes in thermal properties with ionic strength of poly(oligo(ethylene glycol) 
methacrylates) based on the copolymerization of MEO2MA and OEGMA(475) using the ATRP 
method.
48
 As shown in Figure 1-5, the phase transition could be adjusted by the addition of salts in 
aqueous solution and furthermore, the controlled polymer structure obtained through living 
polymerisation enables formation of a polymer with a phase transition able to be tuned through an 
organized self-assembly process. 
 
(a) (b)
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Figure 1-5. (a) Statistical poly(MEO2MA-co-OEGMA(475)) copolymer synthesis procedure using 
ATRP and the polymer structure. (b) Effect of selected salts from the Hofmeister series on LCST of 
statistical poly(MEO2MA-co-OEGMA(475)) copolymers at different monomer addition ratio. (c) 
Effects of Li
+
 and Na
+
 salts concentration of Hofmeister series ions on LCST of poly(MEO2MA-co-
OEGMA(475)).
48
 
 
Other researchers have reported the ion responsive properties for copolymers of OEGMA and other 
functional monomers, for example, copolymers of N,N-(dimethylamino)ethyl methacrylate 
(DMAEMA, pH sensitive) and OEGMA(300) for a multiple stimuli-response polymer;
29
 pyridyl 
disulfide ethyl methacrylate (PDSEMA) and OEGMA(475) for ion-based control over size and guest 
encapsulation stability in polymer nanogels;
49
 methacrylate monomer with cyclic acetal moiety and 
OEGMA(475) for temperature dependence reversible aggregation-dissociation behaviour in NaCl 
(a)
(b)
(c)
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solutions. In this last system, above the LCST, aggregations will provide protection on the acid-labile 
acetal side chain and inhibit release of the resulting lilial, while below the LCST dissociation will allow 
degradation of the side chain.
50
 
 
In summary, in spite of many attractive advantages of OEGMA polymers, several challenges and 
research limitations need to be carefully considered. Firstly, fundamental studies of solution properties 
of the OEGMA responsive polymers are still lacking. New technologies should be exploited for a 
comprehensive study of the OEGMA stimuli-responsive polymers in solution. For example, nuclear 
magnetic resonance (NMR) can be a very selective technique for investigations of stimuli-responsive 
properties because the behaviour of different segments can be distinguished at molecular level. 
Secondly, the in vivo measurements of the OEGMA responsive materials are deficient. In future 
studies, these materials should be more considered and studied in vivo, including biocompatibility, 
biodistribution and stimuli responsive properties in the body. Having said this, the development of 
novel smart materials for bio-relevant applications is likely to be comprehensive study.  
 
1.2 MRI Contrast Agents 
 
There are many different modalities that can be used for non-invasive molecular imaging in living 
subjects, including magnetic resonance imaging (MRI), optical imaging, ultrasound imaging, single 
photon emission computed tomography (SPECT), positron emission tomography (PET) and so on.
51-56
 
Here we focus on the MRI technique because of its power in providing morphological and functional 
information. Magnetic resonance imaging (MRI) is increasingly used in clinical diagnostics and is one 
of the most powerful diagnosis tools in medical science.
57
 This technique is non-invasive and can 
provide information on the anatomy, function and metabolism of tissues in vivo with excellent (sub-
millimetre) spatial resolution.
58
  
 
Although MRI affords exquisite structural information, detection of some abnormal pathologies often 
require the use of an exogenous contrast agent to improve the visibility of internal body structure and to 
fully characterise the disease process. Also, targeted MRI contrast agents with high specificity and high 
sensitivity are often required for sophisticated imaging (e.g. 
19
F MRI). In the past decades, the 
development of MRI contrast agents has been the central to the rise of MRI as a leading medical 
diagnostic tool.  
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MRI contrast agents can be classified into two types: 
1
H relaxation agents and 
19
F imaging agents. The 
former (relaxation agents) represents the overwhelming majority of MRI imaging agents currently in 
use or under development. These agents most rely on the relaxation properties engendered by 
paramagnetic gadolinium ions, iron nanoparticles or other metal nanoparticles. The most commonly 
used compounds for contrast enhancement are gadolinium-based, which shorten the relaxation times of 
water atoms within body tissues following oral or intravenous administration. The latter (
19
F imaging 
agents) have been proposed for a number of years. The use of 
19
F imaging agents enables direct 
detection of the agent rather than the indirect detection necessary for relaxation agents, thus removing 
localization ambiguity.
59
 Other advantages of 
19
F agents compared to the relaxation contrast agents, 
including facile quantification, high efficiency at high magnetic field strength, 100 % natural 
abundance and broad range of chemical shift.
60
  
 
1.2.1 1H MRI Contrast Agents 
 
All 1H MRI contrast agents shorten both T1 and T2 relaxation times of water protons, yielding 
improved contrast within the images.61,62 However, 1H MRI contrast agents can be classified into 
groups based on whether the substance increases the transverse relaxation rate (1/T2) by roughly 
the same amount that it increases the longitudinal relaxation rate (1/T1) or whether 1/T2 is altered to 
a much greater extent.63 The first category, named T1 positive contrast agents, alter 1/T1 of water in 
tissue more than 1/T2 to increase the signal intensity. Within the class of T1 positive contrast agents, 
paramagnetic gadolinium (Gd
3+
) based contrast agents represent around 90 % of all clinical contrast 
agent injections. To avoid the toxicity of free Gd
3+
 ions, the metal is chelated with appropriate 
multidentate ligands, preferentially DTPA (diethylenetriaminepentaacetic acid) or DOTA (1,4,7,10-
tetraazacyclododecane-1,4,7,10 tetraacetic acid) (Scheme 1-1).63-66 The Gd-DTPA is a good example 
of a „chelate‟, because the metal ion is covered by the polydentate ligand like a claw. The central metal 
ion has nine coordination sites and water molecules are able to coordinate at the vacant ninth site 
resulting in a strong enhancement of the water proton relaxation rate. Other special formulations of Gd-
chelates have also been developed (Scheme 1-2).
67
 
 
The first clinical trials of Gd-chelates were conducted in 1983 in the Department of Radiology of the 
Free University of Berlin by Professor R. Felix and at the Hammersmith Hospital in London by 
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Professor R. Steiner.
68,69
 Since then, numerous reports indicate the diagnostic utility of these agents in 
detecting the breaking of the blood brain barrier (BBB), changes in vascularity, flow dynamics, and 
perfusion.
70,71
 Many studies have demonstrated the utility of low molecular weight Gd
3+
 based MRI 
contrast agents, however their relative low relaxivity at high magnetic fields is a drawback. To 
overcome this drawback, Gd
3+
 conjugates to macromolecules have been designed. Detrembleur and co-
workers reported that novel Gd
3+
 based MRI contrast agents improved relaxivity and potential long 
blood circulation life-time. They investigate the grafting of 1,4,7,10-tetraazacyclododecane-1,4,7-
triacetic acid, 1,4,7-tris(1,1-dimethylethyl) ester (DO3AtBu-NH2; a precursor of the Gd
3+
 ligand) onto 
well-defined functional copolymers bearing activated esters (succinimidyl esters) and poly(ethylene 
oxide) (PEO) chains. The tert-butyl groups of grafted DO3AtBu-NH2 are then deprotected by 
trifluoroacetic acid followed by complexation with Gd
3+
. Importantly this construct shows a relaxivity 
at high frequencies that is 300% higher than that of the ungrafted gadolinium complex.
72
 Moreover, 
over the past several decades, a wide variety of macromolecules have been developed to conjugate 
Gd
3+
, including linear oligomers, dendritic polymers and star polymers.
63,73,74
 These macromolecules 
can also allow researchers to design „smart‟ gadolinium contrast agents, such as biodegradable, pH-
/thermo-responsive and tumour-targeting contrast agents.
75-80
 
 
 
Scheme 1-2. Ligands in commercially available Gd
3+
 complexes. 
62,67
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The second category of 1H contrast agents, named T2 negative contrast agents, largely increase the 
1/T2 of water within tissue selectively and cause a reduction in signal intensity. Since their first use as 
MRI contrast agents 20 years ago, iron oxide nanoparticles (usually magnetite (Fe3O4) or maghemite 
(γ-Fe2O3)) have become extremely popular due to their ability to dramatically shorten T2 relaxation 
times in the liver, spleen, and bone marrow by selective uptake and accumulation in the cells of the 
reticuloendotherial system (RES) (Table 1-1).
71,81
 It is believed that in the near future, iron-based 
imaging agents will play an increasing significant role and specific novel systems with higher 
relaxation properties are being reported.  
 
Similar to Gd
3+
 based contrast agents, an improvement in sensitivity of the T2 agents is crucial for the 
imaging applications. Surface modification of iron oxide nanoparticles is one of the main focuses to 
improve the sensitivity of imaging agents.
82-85
 Roig and co-workers
83
 synthesized monodisperse iron 
oxide/microporous silica core/shell composite nanoparticles (core(γ-Fe2O3)/shell(SiO2)) with a 
diameter of ~100 nm. Composite nanoparticles with high volume magnetic moment and reasonable 
particle size (smaller than 200 nm) can lead to an enhancement of T2 contrast. Moreover, because of 
the amphiphilic properties of the silica coating, the circulation time of the nanocomposites is extended 
from minutes to hours, allowing better internalization into the target organ once they have been 
functionalized.
85
 
 
In addition to these agents, a series of spinel-structured ferrites, MFe2O4 (M = Mn
2+
,
 
Fe
2+
, Co
2+
, Ni
2+
), 
have been reported as ultra-sensitive MRI contrast agents. As reported by Cheon and co-workers
86
, 
these nanoparticles were synthesized by means of a high temperature and non-hydrolytic reaction 
between divalent metal chloride (MCl2) and iron tris-2,4- pentadionate in the presence of oleic acid and 
oleylamine as surfactants. The resultant particles are uniform in size, are single crystals and non-toxic 
to HeLa and HepG2 cells at test concentrations of ~200 µg/ml. Most importantly these spinel-
structured ferrites have ultra-sensitive properties to detect small tumours.  
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Table 1-1. Properties of T2 contrast agents. 
Name Core 
Material 
Surface Diameter of 
Core (nm) 
Hydrodynamic 
Diameter (nm) 
r2 
(mM/s) 
Magnetic 
field (T) 
Ref 
Ferumoxides Fe3O4, γ-
Fe2O3 
Dextran 4.96 160 120 0.47 
87
 
SPIO@SiO2-
NH2 
Fe3O4 SiO2-
NH2 
6 8.5 43.5 3 
88
 
IONP-6PEG-
HA 
Fe3O4 PEG 10 75 454.5 3 
89
 
CLIO-Tat Fe3O4 Dextran 5 30 62 0.47 
90
 
WSIO Fe3O4 DMSA 4 - 78 1.5 
91
 
γ-
Fe2O3@TMOS 
γ-Fe2O3 TMOS 6.1 160 148 0.47 
83
 
Zn-SPIO ZnxFe1-
xO•Fe2O3 
PEG-
PLA 
4.9 68 232.1 0.55 
92
 
MnMEIO MnFe2O4 DMSA 6 68 208 1.5 
86
 
CoMEIO CoFe2O4 DMSA 12 99 172 1.5 
86,9
3
 
NiMEIO NiFe2O4 DMSA 12 85 152 1.5 
86
 
 
Overall, 
1
H MRI contrast agents have been well studied and established. However, a number of 
challenges have to be overcome to provide new efficient and specific contrast agents for cellular and 
molecular imaging. First of all, the toxicity of many of these imaging agents should be taken into 
consideration. It is well known that free Gd
3+
 is toxic on accumulation in bones, liver and spleen.
94,95
 
Therefore the stability of Gd-chelates is a priority for the design of Gd-based contrast agents. Secondly, 
iron oxide nanoparticles have been synthesized by a wide range of chemical synthetic procedures. 
However, the synthesis of high-quality magnetic nanoparticles in a controlled manner resulting in a 
homodisperse population of magnetic grains of controllable size and detailed understanding of the 
synthetic mechanisms of nucleation and growth during particle formation remains a challenge to be 
faced in the coming years. In addition, the nanoparticles are often very small and are unstable in water 
over a long period of time. Consequently, it is crucial to develop surface modification strategies to 
chemically improve the stability of magnetic nanoparticles. Moreover, functional groups are also 
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expected to conjugated to the contrast agents during surface modification, however, more functionality 
gives rise to more complicated systems, hence the pharmacokinetics, biodistribution, cytotoxicity as 
well as the relationship between particle characteristics and relaxivity need to be thoroughly studied 
and established. 
 
1.2.2 19F MRI Contrast Agents 
 
Despite the significant success of paramagnetic relaxation agents in the clinical setting (more than 10 
million MRI studies are performed with gadolinium each year) a major disadvantage expressed by 
radiologists is the lack of definition (high background signal), and the difficulty in obtaining 
quantitative measures of concentration in vivo. Imaging the biodistribution of MRI agents containing 
gadolinium or iron oxide nanoparticles is highly problematical, because in many cases tissue 
surrounding these molecules appears hypointense.  
 
One of the most studied strategies to overcome limitations of more conventional 
1
H imaging agents is 
the development of “second colour” or “hot spot” imaging using heteronuclear MRI atoms, such as 13C, 
23
Na, 
31
P, or 
19
F in addition to 
1
H. With its extremely favourable NMR properties, 
19
F seems to be the 
most promising of these imaging nuclei. 
19
F MRI has little biological background owing to the low 
levels of endogenous fluorine in the body. Moreover, 
19
F has 100 % natural abundance and its 
gyromagnetic ratio (40.06 MHz/T) is second only to 
1
H, which makes it more sensitive for detection 
over other nuclei.
96
 Additionally, 
19
F chemical shifts vary in a broad range (> 350 ppm).
97
 Importantly, 
thanks to the absence of endogenous 
19
F signals and to the linear relationship between 
19
F 
concentration and resulting signal intensity, quantitative imaging applications can be conducted.
98,99
 
However, the need to administer low doses of fluorinated agents combined with the often long T1 may 
make long acquisition times necessary, and therefore the sensitivity of 
19
F MRI may become a 
particularly critical issue.
100
  
 
As previously explained, 
1
H MR images arise from the signals of the water molecules present in 
biological tissues, while those of 
19
F MRI are due only to the fluorine atoms contained in the 
fluorinated imaging agents. It is well established that for spin-echo MR imaging, the intensity of the 
MRI signal in any volume element depends on the number of spins in that volume, and the relaxation 
times (T1 and T2), as described by the following equation.
101
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where N(F) is the NMR detectable 
19
F nuclei, and TR and TE are the pulse sequence repetition time and 
echo delay time, respectively. The above equation informs us that to achieve high MRI signal intensity, 
high 
19
F content, a long T2 and short T1, high chemical uniformity and stability are required. 
Researchers have paid much attention on the design of new 
19
F MRI contrast agents to meet these 
requirements. In our group, we have previously demonstrated in studies of partially-fluorinated 
copolymers that flexible fluorine segments with highly mobile 
19
F-containing groups result in longer T2 
relaxation times and higher imaging signal-to-noise ratios.
102-106
 
 
Listed in Table 1-2 are the 
19
F segment, hydrophilic segment and 
19
F relaxation times (T1 and T2) of 
different types of 
19
F MRI contrast agents reported by researchers. Two major different types of 
19
F 
MRI contrast agents can be classified based on the method of preparation. One type of agent, the partly 
fluorinated polymers (PFP), is synthesized using chemical polymerizations and include linear polymers, 
hyperbranched polymers, and dendritic polymers. A second kind of 
19
F MRI contrast agent is prepared 
through physical methods and the 
19
F source, normally a perfluorocarbon, is encapsulated within an 
emulsion.  
 
PFPs possess several advantages as 
19
F MRI contrast agents, such as high stability, high diversity 
depending on the monomer type, long circulation time owing to the large size, and the capability to 
carry functional groups for targeting moieties and therapeutic agents. As can be observed from Table 1-
2, the most commonly-used 
19
F monomer for the synthesis of partly fluorinated MR imaging agents is 
2,2,2-trifluoroethyl (meth)acrylate (TFE(M)A). In most studies the 
19
F segments are incorporated with 
other hydrophilic or functional segments to maintain high mobility of 
19
F atoms and to endow 
functional diversity. In our group, we have compared the NMR and MRI properties of fluorinated 
acrylates and the corresponding methacrylates. The fluorinated acrylates confer greater chain flexibility 
and, hence, better imaging properties than the corresponding methacrylates (for example TFEA and 
TFEMA).
104,107
 In another typical study from our group, Thurecht et al.
106
 reported the synthesis of 
hyperbranched polymers (HBPs) with a 19 mol % (~2.5 wt %) fluorine content using TFEA as the 
19
F 
source, EGDMA as crosslinker and OEGMA as the hydrophilic monomer. The 
19
F relaxation times 
were tested at 16.4 T and the T1 and T2 were 420 ms and 54 ms, respectively. Folic acid was 
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conjugated to the hyperbranched copolymer for targeting purposes. As shown in Figure 1-6, in vitro 
and in vivo tests were conducted for the folic acid conjugated HBPs. The molecules show high affinity 
to B16 melanoma cells and the combination of imaging modalities within a polymeric nanoparticle 
provides information on the tumour mass across various size scales in vivo, from millimeters down to 
tens of micrometers. In addition, responsive PFPs, such as pH-responsive or biodegradable polymers, 
have also been developed in our group for tumour-selective imaging by incorporating other functional 
monomers to PFPs.
108,109
 Responsive 
19
F MRI contrast agents are introduced in Section 1.3. 
 
 
Figure 1-6. Comparison of cellular uptake data of folate-conjugated and unconjugated HBPs: (a, d) 
confocal microscopy, (b, e) FACS imaging, and (c, f) FACS analysis for folate-conjugated (a-c) and 
unconjugated (d-f) B16 cells, respectively. Nuclei were stained with Hoechst 33358, while polymer 
was labeled in all cases with Rhodamine B. (g) 
19
F image of approximately 5 × 10
6
 cells following 
incubation with folate-conjugated HBP (false colour), overlaying the 
1
H image of the tube of agar. The 
19
F relaxation times at 16.4 T for folate-HBP conjugate following uptake into B16 melanoma cells are 
also presented. Adapted from Rolfe et al.
106
 
 
We should also realize that although great progress has been achieved for partly fluorinated 
19
F
 
MRI 
contrast agents, they still have several shortcomings. One of the biggest limitations is the low fluorine 
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content of current partly fluorinated 
19
F
 
MRI contrast agents (normally below 5 wt %). To address this, 
several research groups have reported the synthesis of dendritic 
19
F MRI contrast agents with increased 
fluorine content. Ogawa et al.
110
 reported the synthesis of dendritic-star statistical copolymers of 
2,2,3,3-tetrafluoropropyl methacrylate and tert-butyl methacrylate (PTFPMA-co-PtBMA)) grafted 
from polyamidoamine (PAMAM) dendrimer cores. The polymers were then hydrolyzed and converted 
into a sodium salt, PAMAM-g-PTFPMA-co-PMANa, to increased water solubility. The fluorine 
content was calculated at ~ 3.9 wt % and the 
19
F relaxation times T1 and T2 at 7 T were 400 ms and 74 
ms, respectively. The PAMAM-g-PTFPMA-co-PMANa could be detected in vivo in a male Wister rat 
within an imaging time of 10 min. In addition, Porsch et al.
111
 reported the synthesis of dendritic 
nanoparticles applying diTMP (ATRP initiator) as the core and copolymers of OEGMA and TFEMA 
as the shell (Figure 1-7). The 
19
F content increased to as high as 8.6 wt % and the 
19
F NMR T1 and T2 
at 9.4 T were 320 ms and 5.8 ms, respectively. The 
19
F NMR T2 reported by Porsch et al. is too short to 
allow in vivo studies. 
19
F MRI phantoms of the polymer in PBS (10 mg/ml) were imaged with a scan 
time of 10 min and a relative high signal-to-noise ratio at ~10. This is most likely a result of the high 
fluorine content of the polymers. This work clarified the benefits of the use of more physiologically 
inert POEGMA sequences and biocompatible bis-MPA structure in comparison to charged and toxic 
PAMAM dendrimers.  
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Figure 1-7. Synthetic strategy for the preparation of theranostic NPs, where hydrophobic segments are 
visualized in green and hydrophilic segments in blue. Adapted from Porsch et al.
111
  
 
A second type of 
19
F MRI contrast agent is prepared through physical methods in which 
perfluorocarbons (PFCs) are the source of fluorine. PFCs are synthetic organic molecules, typically 
alkanes and their derivatives in which all hydrogen atoms are replaced by fluorine atoms. PFCs are not 
soluble in water and need to be emulsified to be bioavailable (nominal size ranging from <100 nm to 
several hundreds of nanometers).
112
 A number of typical commercial available PFCs are illustrated in 
Figure 1-8a and Table 1-2.  
 
Perfluorooctyl bromide (PFOB) was one of the earliest applied as a 
19
F MRI agent.
113
 In a typical 
preparation of PFC nanoemulsions consisted of 40 % (v/v) PFOB, 2 % (w/v) safflower oil, 2 % (w/v) 
of surfactant commixture, 1.7 % (w/v) glycerin, and the balance of water.
114
 Each formulated PFC 
nanoemulsion comprised a liquid PFOB core encapsulated by a lipid monolayer (Figure 1-8b), 
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resulting in a high concentration of 
19
F atoms (∼100 M) and high 19F mobility for 19F MRI at both 
clinical (e.g. 1.5 T) and research (e.g. 9.4 T) field strengths.
98,115
 However, there remain shortcomings 
for applications of 
19
F MRI agents. The 
19
F NMR spectrum of PFOB consists of eight peaks, one for 
each CFn moiety; its use for 
19
F MRI is non-ideal in terms of sensitivity and requires the use of a 
frequency selective MRI pulse sequence to limit chemical shift artefacts, for example, by incorporating 
presaturation RF pulses on undesired resonance peaks prior to imaging.
116
 
 
Recently, perfluoropolyethers (PFPEs, Figure 1-8a), linear per-fluorinated polymers, were introduced 
to meet the design criteria for a 
19
F MRI contrast agent.
117
 Linear PFPEs are synthesized from analogue 
hydrocarbons by direct fluorination. The linear PFPEs have a simple 
19
F NMR spectrum with > 40 
equivalent fluorine atoms from CF2CF2O monomer repeats and a major resonance located at ~-91.5 
ppm.
118-121
 Like other PFCs, PFPEs need to be formulated into stable emulsions for biological 
applications. Schirda et al.
119
 reported the 
19
F NMR T1 and T2 of PFPE nanoemulsions (CS-1000, 
Celsense, Inc., Pittsburgh, PA) were 470 ms and 250 ms, respectively at 3 T. PFPE nanoemulsions 
have much longer 
19
F NMR T2 relaxation times, higher fluorine contents and similar 
19
F NMR T1 as 
compared to partly fluorinated polymers, indicating a better imaging signal and higher sensitivity.  
 
In light of the extremely high 
19
F loading, there seems to be no doubt that PFPEs are good candidates 
for 
19
F MRI CAs. However, owing to their chemical inertness, the application of PFPEs has been 
restricted by the lack of sites for chemical modification. Furthermore emulsions of PFPEs can be 
slowly destabilised and decomposed due to the unavoidable process of Ostwald ripening, which is a 
molecular diffusion phenomenon of the gradual growth of larger particles at the expense of smaller 
ones.
122
 Moreover, due to the large size of PFPE emulsions (100~250 nm), excessive retention of the 
agents within organs may occur for months or longer.  
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Figure 1-8. (a) Chemical structures of the PFCs. (b) Cartoon representing a multifunctional PFC 
nanoemulsion droplet. The PFC core is coated by a lipid monolayer which can be functionalized with 
specific targeting and payload molecules. Adapted from Janjic et al. and Tirotta et al.
100,116
 
 
The advantages and disadvantages of PFPs and PFC emulsions as 
19
F MRI contrast agents can be 
summarised as follows. PFPs have high stability, are readily modified chemically and have short 
(a)
(b)
Chapter 1 Introduction 
 
22 
circulation times in the body, however, the low fluorine content and relative short 
19
F T2 are main 
limitations. PFPE emulsions have much higher fluorine contents, favourable 
19
F NMR T2 and 
19
F MRI 
sensitivity, however drawbacks exist in the instability in the body and lack of sites for chemical 
modifications. Further innovative work on the development of 
19
F MRI CAs should aim to meet the 
following new design criteria of the 
19
F MRI contrast agents: (1) high fluorine content (> 10 wt %) and 
long T2 (> 80 ms); (2) high stability and facile chemical modification (other functional groups can be 
easily attached); (3) small size and fast clearance from normal organs (< 10 nm, unimers in solution). 
 
As discussed above, PFPEs are likely the best candidate as the source of fluorine, however, the 
preparation of PFPEs-based CAs must be improved. The preparation methods of PFPs can be applied 
to obtain PFPE-based 
19
F MRI CAs. To the best of our knowledge, there is no report on the chemical 
preparation of water soluble PFPE-based polymers as 
19
F MRI contrast agents and we believe this is an 
attractive direction in the field of 
19
F MRI. PFPE-based polymers have been studied by Qiao et al.
123
 
who reported chemical modification of monohydroxy terminated PFPEs (PFPEs-OH) to generate 
macroinitiators containing a terminal bromine moiety (PFPEs-Br). This was used for the 
polymerisation of tBA through ATRP to form the PFPES-b-PtBA block polymers to prepare patterned 
films.  
 
Table 1-2. Properties of 
19
F MRI contrast agents.  
Type Description Formula 
19
F 
source 
19
F 
content 
(wt %) 
T1/T2 
(ms) 
Magnetic 
field (T) 
Ref. 
Partly 
fluorinated 
contrast 
agents 
Partly 
fluorinated 
polyelectrolytes 
P(TFEMA-co-
DMAEMA) 
TFEMA 8.5  430/81 
pH=6.5 
540/150 
pH=2 
7 
102
 
Partly 
fluorinated 
block 
copolymers 
PAA-b-
P(nBA-co-
TFEA) 
TFEMA 
or TFEA 
24.9 
25.1 
526/1.75 
509/0.37 
7 
104
 
pH-sensitive 
diblock 
PEO-P(DPA-
r-TFEMA) 
 TFEMA 3.8 -/43.5 
pH=4 
9.4 
124
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nanoprobes 
Partially 
fluorinated 
amphiphilic 
diblock 
copolymers 
PAA-b-
P(nBA-co-
TFEA) 
TFEA 24  473/97 7 
105
 
Thermal- and 
ion-responsive 
copolymers 
P(OEGMA-
co-TFEA) 
TFEA 2.5  400/80 9.4 
125,12
6
 
Hyperbranched-
star amphiphilic 
fluoropolymers 
micelles 
Hyperbranch 
poly(AA-co-
TFEMA) 
 TFEMA 23.4 542/50 11.7 
127
 
Hyperbranched 
polymers 
P(DMAEA-
co-TFEA-co-
EGDMA) 
TFEA 2.4 480/88 11.7 
3
 
Hyperbranched 
polymers 
P(OEGMA-
co-TFEA-co-
EGDMA) 
TFEA ~2.5 420/54 16.4 
106
 
Star fluoro-
containing 
polymer 
nanoparticles 
diTMP-
P(OEGMA-
co-TFEMA) 
TFEMA 8.6 323/5.9 9.4 
111
 
pH-responsive 
star polymer 
nanoparticles 
POEGMA-b-
(TFEA-co-
DMAEMA-
co-EGDMA) 
TFEA 1.4 420/39 
pH=6 
420/10 
pH=8 
9.4 
108
 
pH-sensitive 
PEGylated 
nanogel 
POEGMacro-
co-TFEMA-
co-PEAMA-
co-PEGDMA 
TFEMA 10 
mol% 
<30/<1 
pH=7.4 
280/56.8 
pH=6.5 
11.7 
128
 
Biodegradable POEGMA-b- TFEMA 3.2 400/40 9.4 
109
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core crosslinked 
star polymers 
P(TFEMA-co-
DMAEMA) 
pH=5 
270/5 
pH=8 
Segmented 
highly branched 
copolymers 
P(OEGA-co-
TFEA) 
TFEA 2.7 
14.3  
440.5/80.
8 
441.3/46.
8 
9.4 
107
 
Dendritic 
fluorinated 
nanoparticles 
PAMAM-g-
PTFPMA-co-
MANa) 
TFPMA  
 
3.9  400/74 7 
110,12
9
 
Emulsions Perfluorocarbon
s (PFCs) 
PFOB@PLGA PFOB Usually
 >50 
1250/322 9.4 
100,13
0,131
 
Celsense 1000 PFPEs 380/68 11.7 
132
 
PFD emulsion PFD 420/45 9.4 
133
 
PFCE 
emulsion 
PFCE 600/300 7 
133,13
4
 
 
1.3 Stimuli-responsive 
19
F MRI Contrast Agents 
 
The stimuli-responsive materials described above have many potential applications in the biological 
domain including molecular imaging. Many researchers have focused on the development of novel 
materials as 
19
F MRI agents due to the possibility of the combination of a large payload of fluorine 
atoms and the ability to attach other functional moieties. In this context, we briefly review recent 
developments in stimuli-responsive 
19
F MRI contrast agents. 
 
There have been several reports on the application of stimuli-responsive polymers for 
19
F MRI by 
incorporation of responsive segments with fluorine-rich particles and molecules. Nagasaki and co-
workers
135
 reported stimuli-responsive PEGylated nanogels for 
19
F MRI and drug delivery applications. 
As can be seen in Figure 1-9a, they designed pH-responsive PEGylated nanogels composed of a 
poly(2-(N,N-diethylamino)ethyl methacrylate)-co-poly(2,2,2-trifluoroethyl methacrylate) (PEAMA-co-
PTFEMA) core. The polymer had remarkable on-off regulation of 
19
F MRI signal as well as a change 
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in signal-to-noise ratio in response to the extracellular pH = 6.5 of the tumour environment. This 
potentially makes them excellent candidates as tumour specific 
19
F MRI nanoprobes. Moreover, 
Tanaka and co-workers
136
 described a quantitative assay by 
19
F NMR and fluorescence for a specific 
enzymatic reaction. This reaction in the presence of the enzyme leads to the enhancement of the 
19
F 
NMR signal and fluorescence intensity (see Figure 1-9b).  
 
 
Figure 1-9. (a) Schematic illustration of the 
19
F MRI nanoprobe based on a pH-responsive PEGylated 
nanogel. (b) Detection mechanism for enzymatic reaction using nanoparticle probes. Adapted from 
Oishi et al. and Chujo et al.
135,136
 
 
A number of researchers have designed novel responsive 
19
F MRI probes based on the effect of 
paramagnetic metal ions such as Fe
3+
 and Gd
3+
 on the 
19
F T2 or chemical shift. Generally, paramagnetic 
metal ions shorten the T2 of samples by paramagnetic relaxation enhancement (PRE).
137
 Mizukami et 
al.
138
 developed a novel 
19
F MRI probe for detecting the activity of protease. As shown in Figure 1-10a, 
the design principle is based on the quenching of the MRI signal (shortening the T2) by the intra-
molecular paramagnetic effect of Gd
3+
. The paramagnetic relaxation can be effectively removed by the 
(a)
(b)
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hydrolysis of caspase-3. It was confirmed that the probe could detect the activity of caspase-3 spatially 
from a phantom image using 
19
F MRI. Subsequently, to avoid the quenching of 
19
F MRI signal from 
the intra-molecular paramagnetic effect of Gd
3+
, Gianolio et al.
139
 reported a route for developing a 
ratiometric Gd/
19
F method for the mapping of pH. Instead of being covalently bound, Gd
3+
 and 
19
F 
containing moieties were “hosted” by the same carrier, which was a poly-β-cyclodextrin (poly-β-CD) 
substrate consisting of β-CD units (Figure 1-10b and 1-10c). This ensures that the 19F nuclei are 
sufficiently far from the Gd
3+
 centre so as to all signal acquisition at all pH values. The highly accurate 
mapping of pH can be pursued by 
19
F MRI using the heteronuclear 
19
F signal to normalize the 
relaxation enhancement values induced by a pH-responsive Gd-complex. Moreover, paramagnetic 
lanthanide ions, such as Eu
3+
, lead to large changes in chemical shift but do not affect relaxation 
properties of the 
19
F. Senanayake and co-workers
140
 reported the introduction of CF3 reporter groups 
closed to a paramagnetic centre in macrocyclic Eu
3+
 complexes. This allows faster acquisition of 
19
F 
magnetic resonance data, and amplifies chemical shift non-equivalence, as exemplified by the 
definition of chemical shift probes for pH and, in principle, the activity of an enzyme. As shown in 
Figure 1-11, changes of chemical shifts of the CF3 groups were strongly affected by pH. 
 
 
(a)
(b) (c)
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Figure 1-10. (a) Design principle of 
19
F MRI probe for detecting the activity of protease (b) Schematic 
representation of the supramolecular adduct between poly-β-CD, the Gd3+-complex and the 19F-
reporting molecule designed for pH mapping. (c) pH-map images.
138,139
 
 
Figure 1-11. 
19
F NMR spectra (376 MHz, 298 K) for [EuL2]
-
 and [EuL2H] as a function of pH. 
Adapted from Senanayake et al.
140
 
 
It is well known that compared to normal tissue, cancerous tissue can have a higher Na
+
 content. Thus, 
Na
+
-responsive 
19
F NMR indicators for the detection of cancerous cells have been investigated by 
several researchers.
141,142
 For example, Metcalfe and co-workers
143
 described a Na
+
 chelator (FCryp-1) 
with appropriate properties for the detection of the concentration of intracellular free Na
+
. FCryp-1, the 
structure of which is shown in Figure 1-12, has a strong affinity and selectivity to Na
+
 over other 
intracellular cations. The 2.0 ppm difference of the 
19
F NMR chemical shift between free FCryp-1 and 
the Na-FCryp-1 complex provides a direct read out of the concentration of free Na
+
. In addition, these 
authors designed a more sensitive 
19
F NMR indicator for Na
+
 named FCrown-1 (Figure 1-12b). The 
selectivity for sodium over potassium is 173 folds with a 4.6 ppm difference in chemical shift for free 
FCrown-1 and Na-FCrown-1 complex.
144
 In another report, they modified the FCryp-1 to a fluorescent 
indicator of Na
+
 named FCryp-2 with an excitation at 340 nm. In the absence of Na
+
, the emission peak 
is located at 460 nm, which shifts to 395 nm when the FCryp-2 is saturated with Na
+
.  
145
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Figure 1-12. The chemical structure of Na
+
 indicators. 
 
In summary, tremendous efforts have been made in the development of stimuli-responsive imaging 
agents and indicators based on 
19
F NMR/MRI. For future studies, several fundamental aspects should 
be considered. For example, the molecular level structural and conformational changes of stimuli-
responsive molecules when exposed to stimuli and how these changes further influence the imaging 
properties need to be further investigated. For future clinical applications, detailed investigations of 
toxicity, biodistribution and pharmacokinetics should be carried out. 
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1.4 Combination of Experimental and Computational Studies 
 
Current studies of stimuli-responsive polymers have been mainly focused on the design of new 
functional polymers, however the clear molecular level understanding of the behaviour of stimuli-
responsive polymers is not well established. In this section we describe efforts to build a molecular-
based understanding of the behaviour of responsive polymers, by combining experimental 
measurements (i.e. the NMR techniques) and molecular dynamics (MD) simulations.  
 
Previously the molecular behaviour of stimuli-responsive polymers has been widely examined by 
measurements of optical density (turbidimetry) or molecular size, most usually by dynamic light 
scattering (DLS).
14,146-148
 For example, Chen et al.
149
 reported the synthesis of amphiphilic tetrablock 
quaterpolymers of poly(ethylene glycol)-b-poly(styrene)-b-poly(N-isopropylacrylamide)-b-poly(2-
(dimethylamino)ethyl methacrylate) (PEG-b-PS-b-PNIPAM-b-PDMAEMA) with thermo- and pH-
response properties. Temperature-dependent turbidimetry was employed to determine that the LCST 
decreased with increasing pH of solution. This was due to the amino groups of DMAEMA units 
becoming protonated at a low pH below the pKa of PDMAEMA. Furthermore, the hydrodynamics 
diameters (Dh) measured by DLS decreased as the temperature or pH was increased (110 nm at 25 
o
C 
and 93 nm at 45 
o
C, 124 nm at pH = 3 and 92 nm at pH = 10). These results are useful for the 
application of drug delivery.  
 
High-resolution NMR is a key method for the analysis of polymer structure and the dynamics of chain 
segments at molecular level. Recently, NMR has emerged as a powerful tool for the study of the 
conformational changes of stimuli-responsive polymers. As an example, Chen et al.
150
 studied the role 
of sodium n-dodecyl sulphate (SDS) below and above the LCST in aqueous solutions of 
PNIPAAm/SDS by analysis of the interactions between SDS and PNIPAAm using high-resolution 
1
H 
two-dimensional nuclear Overhauser effect spectroscopy (
1
H 2D NOESY) experiments. In another 
report, Jiang et al.
151
 described a detailed NMR study of isobutyramide-modified thermo-responsive 
hyperbranched polyethyleneimines (HPEI-IBAm) in aqueous solution at temperatures on either side of 
the phase transition. By monitoring the 
1
H-
1
H NOEs between the hydrophobic groups in HPEI-IBAm, 
these workers concluded that the hydrophobic-hydrophobic interactions of HPEI-IBAm macromolecule 
are enhanced above the phase transition and the IBAm groups inside the HPEI skeleton structure are 
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important for driving these hydrophobic-hydrophobic interactions. These and other studies 
demonstrated that a range of NMR techniques are needed for the molecular level understanding of 
changes in structure, local conformation and dynamics of responsive polymers. 
 
Molecular dynamics (MD) simulations provide a very powerful toolbox in modern molecular 
modeling. The use of MD simulations enables us to follow and understand the structure and dynamics 
of responsive polymers in extreme detail, where the motion of individual moieties or atoms can be 
tracked under different external conditions.
152
  
 
In recent years, MD simulations have been applied to the study of conformational changes of 
responsive polymers by changing temperature or through addition of salt to the simulation box.
153-156
 
Mancini et al.
153
 have reported MD simulations of conformational transitions of single-chains of 
thermo-responsive PNIPAAm. As shown in Figure 1-13a, the coil-to-globule transition of a PNIPAAm 
molecule consisting with 30 monomer units was observed as the temperature was increased through the 
LCST. These workers found that below the LCST, water molecules in the first hydration shell arrange 
themselves in a specific ordered manner by forming hydrogen bonds with the polymer. However, 
above the LCST, this arrangement is not stable, and the hydrophobic interactions become dominant, 
which contributes to the collapse of the polymer. The study demonstrated that the dynamics of water 
solvation and localized ordering around the polymer chains play an important role in determining the 
LCST transition. In another study of MD simulations, Du et al.
157
 investigated the hydrophilic to 
hydrophobic transitions of poly(NIPAAm-co-OEGMA) copolymer close to its LCST in 1 M NaCl 
solution. As shown in Figure 1-13b, Na
+
 was found to be bound strongly and directly with amide 
oxygen atoms and  even more strongly with the O atoms of OEGAM chains, whereas Cl
-
 ions only 
exhibit weak interactions with the polymer. These results are highly in line with the experimental 
findings reported previously,
153,155-158
 and amply demonstrate that the combination of experimental and 
theoretical work is crucial for the understanding of phase transition properties of thermo-responsive 
polymers at molecular level. 
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Figure 1-13. Complex formed between the Na
+
 ion and the Poly(NIPAAm-co-OEGMA) copolymer. 
The central atom in blue is the Na
+
 ion. The other blue atoms on the copolymer represent N atoms. The 
O, C, and H atoms are red, grey, and white in colour, respectively. The letters a, c, d, e, f, and g 
indicate the metal-organic bonds formed between the various O atoms on the copolymer and the Na
+
 
ion. 
 
1.5   Cancer 
 
According to statistical data from the Australian Institute of Health and Welfare (AIHW), cancer is the 
second most common cause of death in Australia after cardiovascular diseases.
159
 To date, more than 
100 types of cancer have been reported. The top five common cancers diagnosed in 2015 in Australia 
(a)
(b)
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are prostate cancer, bowel cancer, breast cancer, melanoma cancer and lung cancer, respectively. In 
2015, it was estimated that the deaths from cancer increased to more than 45 thousand in Australia.  
 
It has been proposed that the cancer survival rate can be significantly improved by detecting the disease 
at early stages.
161
 Take breast cancer for example; around 90 % of women diagnosed with breast cancer 
at early stages survive from their disease for at least 5 years compared to around 15 % for women 
diagnosed with the most advanced stage of disease.
162
 In the next section we review the differences 
between cancer and normal cells to identify potential targets for responsive 
19
F imaging agents. 
 
1.5.1   Differences between Cancer Cells and Normal Cells 
 
Cancer is a diverse group of several hundred diseases in which some of the cells in the body become 
abnormal. Under normal circumstance, new cells are formed in the body to replace the old and 
damaged cells. However, sometimes this process goes wrong and abnormal cells are formed. The 
surrounding tissue is invaded and damaged by the abnormal cells, and in some cases spread to other 
parts of the body, causing further damage and eventually death.  
 
Cancer cells differ from normal cells in many ways, including morphology, reproduction, 
communication, specialization and ion content. The differences between cancer and normal cells are 
summarized in Table 1-3. 
 
Table 1-3. Differences between normal and cancer cells.
163,164
 
Cell characteristic Normal cells Cancer cells 
Morphology Normal cells have 
uniform  shapes and sizes 
Cancer cells have a large variety of 
sizes and shapes. The nuclei have 
irregular structure and have 
relatively small cytoplasm. 
Reproduction and cell death Cells stop dividing when 
enough cells are present. 
Cancer cells do not stop growing 
when there are even enough cells 
resulting in the appearance of a 
tumour (a cluster of mutant cells). 
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Communication Normal cells communicate 
with each other for proper 
functioning. 
Cancer cells do not communicate 
with other cells as normal cells do. 
Maturation Normal cells start out as 
immature cells and mature 
with certain specialized 
functions. 
Cancer cells do not mature, and 
undergo apoptosis because they 
grow rapidly and divide before 
cells are mature.  
Signal recognition Normal cells recognize 
signals. They know when 
there are enough new cells and 
stops dividing. 
Cancer cells do not recognize 
signals. Hence these cells 
erratically reproduce mutated cells. 
Adhesion and invasion Normal cells secrete 
substances that allow them to 
bond with other cells. 
 
Cancer cells do not adhere to each 
other as firmly as normal cells do. 
These cells have the ability to 
invade or spread to other parts of 
the body by travelling through the 
blood stream or the lymphatic 
system-metastasis. 
Ion content Normal cells have lower 
sodium and chloride contents. 
Cancer cells have much higher 
sodium and chloride ion contents 
than normal cells. 
 
1.5 Aims of the Project 
 
In 1974, Paul Lauterbur and Peter Mansfield described experiments in which the NMR signal is 
spatially encoded, i.e. could be used to provide an image.
171
 Applications of this technique as magnetic 
resonance imaging (MRI) is now widespread and has become an integral tool in clinical radiology. 
MRI employs non-ionizing radiation and has excellent (submillimeter) spatial resolution. Although 
MRI affords exquisite structural information and is one of the most powerful clinical imaging 
techniques, the relative insensitivity of MRI often requires the use of exogenous contrast agents to fully 
characterize the processes of disease.
96,117,172
  
Chapter 1 Introduction 
 
34 
 
19
F MRI has been championed by researchers due to its high sensitivity (83 % of 
1
H), near-zero 
background signal and relative high efficiency at high magnetic field strengths. The development of 
19
F 
MRI contrast agents has been central to the rise of 
19
F MRI for the enhancement of image definition, 
the reduction of imaging time and the improvement of sensitivity. A comprehensive understanding of 
the relationship between molecular structure, property in solution and ultimately efficacy as molecular 
imaging agents is crucial for the development of effective contrast agents. To be more specific, the 
differences between normal and cancer cells, such as pH, ionic concentration and temperature, may 
lead to changes in a detectable MRI signal for detecting disease at early stages. Moreover, 
19
F MRI 
contrast agents with high content of 
19
F nuclei, high 
19
F NMR T2 and multi-functional groups need to 
be investigated to obtain highly sensitive 
19
F MRI CAs.  
 
The aims of this project are as follows. 
 
1. To synthesize thermo- and ion-responsive fluorinated polymers through RAFT polymerization.  
2. To investigate how the changes in temperature and ionic strength affect conformational and 
structural variations of the responsive polymers in solution, such as the particle size and the 
flexibility of the polymer chain.  
3. To detect cancerous cells by means of detecting changes of 19F NMR relaxation times of ion-
responsive 
19
F MRI CAs in cell pellets.  
4. To synthesize highly sensitive 19F MRI CAs with high fluorine content and long 19F NMR T2.  
5. To compare the 19F MRI properties of the two classes of fluorinated polymers synthesized in this 
study: poly(OEGA)-PFPEs and poly(OEGMA-co-TFEA)s. 
6. To develop a general method, the combination of experimental techniques and MD simulations, to 
gain a molecular understanding of the behaviour of responsive polymers in solution.  
 
In terms of these objectives, this thesis is divided into six chapters. Chapter 2 describes the synthesis of 
thermo- and ion-responsive fluorinated copolymers by using OEGMA and TFEA monomers via RAFT 
polymerization (poly(OEGMA-co-TFEA)). The reactivity ratios for the copolymerization of OEGMA 
and TFEA were measured. The copolymers are water soluble and exhibit volume phase transitions 
(lower critical solution behaviour) depending on the composition of the copolymer and the presence of 
added salts in the aqueous solutions. The LCST and aggregation behaviour was examined in water and 
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in salt solution by DLS and turbidimetry, while the local conformation and dynamics was examined by 
solution-state NMR methods. The results of this work are expected to inform the design of stimuli-
responsive 
19
F MRI contrast agents. 
 
Following Chapter 2, it was believed that a molecular level understanding of conformational behaviour 
of responsive poly(OEGMA-co-TFEA) copolymer in aqueous solution is crucial for the design of 
19
F 
MRI contrast agents. In Chapter 3, the structure and sequence distribution of OEGMA and TFEA 
segments in the copolymer were studied by solution-state NMR techniques. By conducting 
1
H 2D 
NOESY experiments as a function of temperature, the changes in conformation experienced by 
poly(OEGMA-co-TFEA) were investigated as the temperature was increased through the LCST. To 
assist the interpretation of the experimental results, MD simulations were performed using both single 
and multiple polymer chains at two different temperatures (below and above the LCST). The solution 
behaviour of poly(OEGMA-co-TFEA) copolymer at different temperatures below and above its LCST 
is discussed. The results of this work provide detailed information on the changes in conformation of 
hydrophobically modified thermo-responsive polymers and furthermore are expected to provide 
directions in the design of thermo-responsive 
19
F MRI contrast agents. 
 
Naturally, the effects of dissolved salt are very important considerations for polymers intended for 
physiological applications. Thus, in Chapter 4, the conformational changes of ion-responsive 
poly(OEGMA-co-TFEA) copolymers in the presence of salt were thoroughly studied. To investigate 
the changes of conformation, microenvironment and 
19
F NMR relaxation times experienced by 
poly(OEGMA-co-TFEA), a combination of DLS, 
1
H 2D NOESY and MD simulations with and 
without the presence of salt was applied. The effects of salt on the poly(OEGMA-co-TFEA) copolymer 
in aqueous solution are discussed and compared with previous reports. The ion-responsive 
poly(OEGMA-co-TFEA) copolymers were incubated with normal breast and cancer cells (MCF-12A 
and MCF-7, respectively) and changes in 
19
F NMR properties including 
19
F NMR spin-spin relaxation 
times were measured. The results of this work provide detailed information on changes of 
conformation and 
19
F NMR properties of the poly(OEGMA-co-TFEA) copolymer in the presence of 
NaCl and are expected to provide directions in the design of ion-responsive 
19
F MRI contrast agents. 
 
The use of TFEA as the source of fluorine has several drawbacks. One of the major limitations is the 
low fluorine content of current 
19
F MRI CAs. In Chapter 5, we introduce the synthesis of a new 
19
F 
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MRI contrast agent with high fluorine content use perfluoropolyethers (PFPEs) as the source of 
fluorine. The structure, 
19
F NMR relaxation times (T1 and T2) and 
19
F MRI signal-to-noise (SNR) of the 
PFPEs end-functionalised homopolymer of oligo(ethylene glycol) methyl ether acrylate (poly(OEGA)-
PFPE) were studied in detail. A comparison of 
19
F MRI properties (SNRs) of poly(OEGA)-PFPE and 
poly(OEGMA-co-TFEA) polymers was conducted and indicated that the use of PFPEs as the 
fluorinated monomer offers a promising alternative approach for the synthesis of highly sensitive 
19
F 
MRI CAs. In the near future, studies of the in vivo residence half-live time of poly(PEGA-PFPE) and 
the sensitivity of poly(PEGA-PFPE) as 
19
F MRI CAs in disease models will be conducted. To date this 
is the first report for the synthesis of polymeric PFPEs-based 
19
F MRI CAs and we believed that 
PFPEs-based polymers are a promising platform for the detection of disease at early stages. 
 
As proposed in Chapter 3 and Chapter 4, a combination of experimental measurements and MD 
simulations was applied to investigate changes in conformation of thermo-responsive dendronized 
polymers (PG1 and PG2(A)) as the temperature was increased across the LCST. 
1
H 2D NOESY 
experiments at a range of temperatures revealed the conformational transitions of different chemical 
groups at the LCST. To gain a more complete understanding of the experimental results, MD 
simulations were performed below and above the LCST for a fictitious polymer chain of PG2(A) 
comprised of four repeat units. The aggregation behaviour of the thermo-responsive dendronized 
polymers was also measured by diffusion ordered spectroscopy (DOSY) below and above the LCST. 
Molecular-scale investigations using NMR techniques combined with MD simulations provide a 
unique and informative insight into the complex aggregation behaviour experienced by responsive 
polymers. 
 
Finally, Chapter 7 gives a summary of investigations of thermo- and ion-responsive 
19
F MRI contrast 
agents, including the design, synthesis and understanding of the conformational behaviour at molecular 
level of responsive 
19
F MRI CAs. Moreover, general design concepts and criteria for novel 
19
F MRI 
contrast agents are also proposed. This project establishes a fundamental understanding of the relations 
of composition, structure, conformation and MR imaging performance of responsive 
19
F MRI CAs. 
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 Introduction 2.1
 
Interest in thermo- and ion-responsive polymers has been steadily growing over the past decades 
among researchers. A number of researchers have reported the thermo-responsive properties of 
oligo(ethylene glycol)) methacrylates (OEGMA) based polymers because of their good 
biocompatibility, non-toxicity and tuneable thermo-responsive properties by changing the balance 
between hydrophilic and hydrophobic moieties. Currently, the majority of studies of the LCST of 
OEGMA-based polymers have been conducted in pure water and studied for the behaviour of the 
whole molecule. However, the influence of dissolved salt on thermo-responsive polymers is an 
important consideration for polymers intended for physiological applications and a full understanding 
requires study at the molecular level. To achieve this goal, I synthesized a copolymer of fluorine-
containing OEGMA-based polymers, using OEGMA as the hydrophilic units and TFEA as the 
hydrophobic units and source of fluorine for MRI. The LCST and aggregation behaviour was examined 
in water and in salt solution by DLS and turbidimetry, while the local conformation and dynamics was 
examined in detail by solution-state NMR methods. This aspect of my PhD research project has been 
published in the Journal of Polymer Science: Part A, Polymer Chemistry. 
 
1
Zhang, C., Peng, H. and Whittaker, A. K. NMR Investigation of Effect of Dissolved Salts on the 
Thermoresponsive Behaviour of Oligo(ethylene glycol)-Methacrylate-Based Polymers. Journal of 
Polymer Science, Part A: Polymer Chemistry, 2014, 52 16: 2375-2385. doi:10.1002/pola.27252. 
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ABSTRACT 
 
The synthesis of thermo- and ionic-responsive copolymers based on polyethylene glycol methyl ether 
methacrylate (OEGMA) and 2,2,2-trifluoroethyl acrylate (TFEA) via reversible addition-fragmentation 
chain transfer (RAFT) polymerization is described. Reactivity ratios for the copolymerization of 
OEGMA and TFEA are rOEGMA = 2.46 and rTFEA = 0.22, indicating that PGEMA is incorporated more 
rapidly than TFEA monomers. The copolymers are thermosensitive and exhibit volume phase 
transitions (lower critical solution behaviour) at temperature which depend on copolymer composition 
and the presence of added salts in the aqueous solutions. It was found that the copolymers exhibited 
LCST transitions at temperatures below 353 K only in salt solutions. 
1
H NMR measurements indicated 
that motion of the protons located in and near the hydrophobic main chain are more sensitive to 
temperature than protons in the hydrophilic OEGMA side chains. The hydrophilic side chains remain 
largely hydrated however the presence of two distinct conformations of the terminal groups of the side 
chains was confirmed. The influence of OEGMA side chain length, copolymer composition and salt 
type on aggregation behaviour and dynamics was examined in detail. 
 
KEYWORDS: OEGMA, TFEA copolymers; reversible addition-fragmentation chain transfer (RAFT); 
reactivity ratios; phase transition behavior; thermo- and ionic-responsiveness; LCST 
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Interest in stimuli-responsive polymers has been steadily growing over the past several decades among 
researchers in the pharmaceutical and biomedical sectors. Responsive polymers are defined as polymer 
that adapt to a stimulus from the surrounding environment, such as the presence of ions,
1, 2
 heat,
3-6
 
electricity,
7, 8
 light
9-11
 and magnetic fields
12
 by varying their conformation, structure and dynamics. 
These changes are naturally accompanied by changes in physical properties of the material. As a 
consequence, stimuli-responsive polymers are playing an important role in many domains, such as drug 
and gene delivery,
13, 14
 surface and tissue engineering, imaging
15
 as well as in sensors
16
 and diagnostics 
devices.
17
  
 
Special attention has been paid in the past to thermo-responsive polymers. The majority of these 
materials display a lower critical solution temperature (LCST), below which the polymers are water 
soluble and above which are partially or completely phase separated and essentially insoluble in water. 
Poly(N-isopropylacrylamide) (PNIPAAm), the most studied thermo-responsive polymer, has a LCST at 
around 32 
o
C in pure water.
18
 The combination of a sharp phase transition and tunable LCST near body 
temperature makes PNIPAAm a promising candidate for physiological applications, such as drug 
delivery.
19, 20
 However, the use of PNIPAAm for biomedical applications is limited by a number of 
drawbacks. A major hurdle to its use in the biological field is that NIPAAm monomer is suspected to 
be carcinogenic.
4
 In addition, the amide functionalities of PNIPAAm may interact with proteins and 
promote protein absorption in biomedical applications.
21, 22
 In response to this a number of workers 
have reported the thermo-responsive properties of poly(oligo(ethylene glycol)) methacrylates 
(POEGMAs) as an alternative to PNIPAAm and its derivatives. In addition to their tunable thermo-
responsive properties (POEGMA polymers also experience changes in hydrogen-bonding interactions 
with water when the temperature is changed), POEGMA polymers also have the well-established 
properties of biocompatibility and non-toxicity.
23-25
 The poly(ethylene glycol) (PEG) methacrylate 
analogues are reported to exhibit LCST behaviour in the range of 26 
o
C to 90 
o
C, depending on the 
length of PEG side chain.
26
 
 
The balance between hydrophilic and hydrophobic moieties in polymer structure polymers has a strong 
effect of the temperature of the LCST transition.
4
 Of relevance to this study, fluorine-containing 
monomers have been used by several groups to adjust the phase transition properties of various thermo-
responsive polymers. For example, An et al. showed that the LCST of microgels of NIPAAm and 
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hexafluorobutyl methacrylate decreased on inclusion of the fluorinated monomer.
27
 In a similar study 
this group reported
28
 the synthesis of fluorinated thermo-responsive copolymers, (poly(N-
isopropylacrylamide-co-hexafluorobutyl methacrylate-co-poly(ethylene glycol) methyl ether 
methacrylate)) (P(NIPAAm-co-HFMA-co-MPEGMA)), and concluded that with increasing content of 
HFMA in the copolymer, the LCST decreases significantly. Finally, Hwang et al.
29
 prepared partially-
fluorinated copolymers of oligo(ethylene glycol) methacrylate and perfluorooctyl methacrylate 
(OEGMA-co-FOMA) and examined the dependence of the phase transition temperature on fluorine 
content in liquid CO2. The polymers formed micellar structures in water however the temperature 
dependence of the behaviour was not reported in detail. 
 
The majority of studies of the LCST of thermo-responsive polymers have been conducted in pure water. 
In many of those works the influence of dissolved salts or changes in pH was not examined in detail. 
Naturally these are very important considerations for polymers intended for physiological applications. 
Several studies have examined the effect of dissolved salts on POEGMA polymers including that by 
Magnusson et al.,
2
 who examine the behaviour of copolymers of glycol ethyl ether methacrylate (MW = 
246 g/mol, OEGMA-EE), and polyethylene glycol methyl ether methacrylate (MW = 475 g/mol, 
OEGMA-ME). The volume phase transition was found to be strongly dependent on temperature and 
salt concentration depending on the nature of the salt. Badi and Lutz
30
 reported the LCST of linear and 
branched copolymers including poly(OEGMA-EE95-co-OEGMA-ME5) in pure water and phosphate 
buffered saline (PBS), and concluded that LCST in PBS is typically about 3 to 4 
o
C lower due to a 
weak salting-out effect. This indicates that a change in ionic strength may be sufficient to trigger a 
volume phase transition of these thermo-responsive polymers at appropriate constant temperature. In 
later work, Davis and co-workers
31
 proposed the synthesis of hyperbranched copolymers based on 
PEG-methacrylates, and showed that the temperature of the LCST decreased on addition of salt (e.g. 
NaCl or Na2SO4) to the aqueous solution. It was also found that the thermo-responsive behavior 
depended on molecular architecture; the LCST of the hyperbranched polymers was around 5-10 
o
C 
lower than the LCST of the linear polymers. It should be noted that these papers reported volume phase 
transitions measured through changes in optical density (turbidimetry) or size by dynamic light 
scattering, apart from the case of Badi and Lutz
30
 who also measured changes in shear viscosity across 
the transition. As such, the observed behaviour is that of the whole molecule, or is due to molecular 
association, and detailed information on the processes at the molecular level is not provided. An aim of 
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this study is to use solution-state NMR to provide an insight into the dynamics of the chain segments at 
the volume phase transition. 
 
NMR spectroscopy is a powerful method for the study of the phase transition behavior of thermo-
responsive polymers at the molecular level.
32-34
 In the simplest examples, the changes in the NMR 
spectra (intensity, line width and chemical shift) as a function of temperature can be used to investigate 
the dynamics of different segments in the polymer chains. A number of publications have reported the 
behaviour of PNIPAAm, the most studied thermo-responsive polymers, across the phase transition. 
These studies have report changes in the NMR spectra, relaxation times and diffusion coefficients of 
water molecules.
34-36
 As an example, Ohta and colleagues
37
 studied the dynamics of water molecules 
and polymer chains for linear PNIPAAm in water using 
1
H NMR relaxation time measurements. They 
reported that at temperatures approaching the LCST the spin-spin (T2) relaxation time of the PNIPAAm 
main chain decreased, indicative of restriction of motion of those segments. On the other hand the T2 of 
the observable signal from the side chain increased at the LCST, evidence that that the NMR 
experiment was detecting only a fraction of the more mobile side chains. In another study Han et al.
3
 
measured the 
1
H NMR spectra of polymers of oligo(ethylene glycol) methyl ether methacrylates and 
observed that the NMR signal ascribed to protons on the main chain disappeared around the LCST 
while that of the side-chain protons remained visible under high-resolution NMR conditions.  
 
In the present work, we have examined the thermo- and ionic-responsive behaviour of novel 
copolymers of oligo(ethylene glycol) methyl ether methacrylate with 2,2,2-trifluoroethyl acrylate 
(TFEA). To our knowledge this is the first example of moderation of the temperature of the volume 
phase transition of thermosensitive polymers through RAFT copolymerization with fluorinated 
monomers. Poly(OEGMA-co-TFEA) copolymers, containing OEGMA as hydrophilic units and TFEA 
as hydrophobic units, were synthesized through reversible addition-fragmentation chain-transfer 
(RAFT) polymerization. The LCST and aggregation behaviour was examined in water and in salt 
solution by dynamic light scattering (DLS) and turbidimetry, while the local conformation and 
dynamics was examined by solution-state NMR methods. The results of this work are expected to 
inform the design of stimuli-responsive 
19
F MRI contrast agents. 
 
EXPERIMENTAL  
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Materials  
 
All chemicals in the experiments were provided by Sigma-Aldrich and used as received unless 
otherwise specified. Poly(ethylene glycol) methyl ether methacrylate (475 g/mol, OEGMA(475)), 
poly(ethylene glycol) methyl ether methacrylate (300 g/mol, OEGMA(300)) and 2,2,2-trifluoroethyl 
acrylate (TFEA) were passed through a column of activated basic alumina prior to use to remove 
inhibitors  2,2′-azobis(2-methylpropionitrile) (AIBN) was extracted and recrystallized from methanol 
two times. The RAFT agent, 4-cyanopentanoic acid dithiobenzoate (CPADB), was synthesized 
according to the literature method.
38
 Potassium chloride (KCl) and potassium sulfate (K2SO4) and 3-
(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS) were used without further purification. 
Deuterated solvents (CDCl3 and D2O) were purchased from Cambridge Isotope Laboratories. 
Deionized water was produced by an ELGA Lab water station and had a resistivity of 18 2 mΩ/cm  
Membranes for dialysis (molecular weight cut-off of 3500 Da) were purchased from Thermo Fisher 
Scientific Inc. Acetone, toluene and tetrahydrofuran were used directly collected from an MBraun 
solvent purification system. 
 
Characterization 
 
NMR Spectroscopy 
 
1
H NMR spectra were obtained of solutions of the polymer in CDCl3 using a Bruker Avance 300 MHz 
spectrometer at room temperature to analyze the conversion of monomer to polymer, the polymer 
structure and molecular weight of the polymers. Solution spectra were measured under the following 
measurements conditions: 90 
o
 pulse width 11.9 µs, relaxation delay 2 s, acquisition time 4.6 s and 32 
scans. Chemical shifts are reported relative to the residual solvent peak. 
 
Variable temperature high resolution 
1
H NMR spectra were recorded on a Bruker Avance 400 MHz 
spectrometer using D2O as solvent with the addition of KCl or K2SO4 at a fixed salt concentration of 
0.5 M. The concentration of the polymer was 20 mg/ml and the solution temperature was kept constant 
to within ± 0.1 
o
C. (4, 4-dimethyl-4-silapentane-1-sulfonic acid) (DSS) was directly added to the 
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polymer solution as an internal reference to account for temperature-induced changes in the chemical 
shift.  
 
Gel Permeation Chromatography 
 
Gel permeation chromatography (GPC) was performed using a Waters Alliance 2690 Separations 
Module equipped with refractive index (RI) detector (Waters 2414), UV-visible detector (Waters 2489), 
auto sampler (Waters 717) and isocratic HPLC pump (Waters 1515). HPLC-grade tetrahydrofuran 
(THF) was used as eluent at a flow rate of 1 ml/min. The samples were dissolved in THF at a known 
concentration (1 mg/ml) were and passed through 0.45 µm filters before testing. The molecular weight 
was calculated using polystyrene (PS) standards.  
 
UV-Vis Spectroscopy 
 
UV-Vis measurements were conducted on a Varian UV-Vis Cary 4000 spectrophotometer fitted with a 
Cary temperature controller to determine the cloud points of the statistical copolymers in salt solution. 
Solutions with a fixed polymer concentration of 20 mg/ml and salt (KCl or K2SO4) concentration of 0.5 
M were prepared in deionized water.  A total of 4 ml of polymer solution was placed in a cuvette and 
the visible adsorption recorded at a wavelength of 500 nm over a temperature range from 25 
o
C to 70 
o
C. The temperature was increased at a stable rate of 1 
o
C/min. The LCST was defined as the 
temperature at which the transmittance had dropped to 90 % of the initial value.  
 
Dynamic Light Scattering 
 
Dynamic light scattering (DLS) measurements were run on a Nanoseries Zetasizer (Malvern, UK) 
containing a 2 mW He-Ne laser operating at a wavelength of 633 nm. The polymer concentration was 
20 mg/ml, the scattering angle used was 173 
o
 and the temperature stabilized to ± 0.1 
o
C of the set 
temperature. Each test for the hydrodynamic diameter was repeated three times to provide an average 
value.  
 
Fourier Transform-Near Infrared Spectroscopy 
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On-line Fourier transform near infrared (FT-NIR) spectroscopy was conducted using a Nicolet 5700.  
The conversion of monomer versus time was following by measuring the peak corresponding to the 
vinyl stretching overtone of the monomer at 6166 cm
-1
. A glass tube with 5 ml reaction mixture was 
flame-sealed after applying high vacuum several times. The temperature was controlled stably at 343 K 
for the whole reaction period. Measurements were made every 5 minutes. 
 
Methods 
 
Synthesis of Poly(OEGMA-co-TFEA) 
 
The procedure for preparation of well-defined linear statistical poly(OEGMA-co-TFEA) via RAFT 
polymerization is illustrated in Scheme 1. OEGMA(475) or OEGMA(300) (1.9 g, 4 mmol or 
1.2g, 4 mmol, respectively), TFEA (126 µL, 1 mmol), AIBN as initiator (3.28 mg, 0.02 mmol) and 
CPADB as RAFT agent (27.9 mg, 0.1 mmol) were dissolved in toluene (5 ml) to give a [monomer] : 
[initiator] : [RAFT] ratio of 50 : 0.2 : 1. A 25 ml flask with the prepared solution was equipped with a 
magnetic stirrer bar and sealed with a rubber plug, and deoxygenated by purging thoroughly with 
nitrogen for 30 min before being placed in an oil bath at 343 K for 24 h. The reaction solution was then 
placed into an ice bath and exposed to air to terminate the polymerization. A few milliliters of the crude 
solution were extracted for 1H NMR analysis and hence measurement of conversion. After that the 
crude mixture was precipitated into hexane, re-dissolved in THF, and re-precipitated into hexane, and 
then purified by extensive dialysis in water (molecular weight cut-off of 3500 Da) to remove the low 
molecular species and solvent, finally yielding a pink viscous solid after freeze drying. The synthetic 
procedure for OEGMA(300) homopolymer was identical but omitted the addition of TFEA monomer. 
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SCHEME 1 Schematic diagram illustrating the synthesis of poly(OEGMA-co-TFEA) copolymers via 
RAFT polymerization. 
 
Preparation of Samples for Measurement of Reactivity Ratios 
 
Monomer mixtures having a range of initial comonomer compositions were placed in individual test 
tubes with CPADB and AIBN in toluene, and sealed with rubber plugs. The mixtures were 
deoxygenated by bubbling with nitrogen gas for approximately 10 min in an ice bath. After this, the 
tubes were placed in a multi-hole heating block at 343 K and reacted for 40 min. The reactions were 
stopped through cooling the solutions using an ice bath, and the mixture extracted using syringes for 
NMR analysis. Final conversions were under 10 % in all cases, as determined by NIR analysis (see 
Supporting Information). 
 
Kinetics Studies 
 
OEGMA and TFEA comonomers as well as AIBN and CPADB were dissolved in toluene (25 ml) in a 
similar procedure to that described above. 2 ml of the reaction solution was extracted at given intervals 
using a gas-tight syringe for 
1
H NMR (monomer conversion) and GPC (molecular weight, Mn and 
molar mass dispersity, ÐM) analyses.  
  
RESULTS AND DISCUSSION 
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Synthesis and Characterization of Copolymers of OEGMA and TFEA 
 
The copolymers of OEGMA and TFEA prepared in this study were characterized by 
1
H NMR 
spectroscopy. To be more specific, OEGMA of two different molecular weights (MW = 475 g/mol and 
300 g/mol) were used to synthesize statistical copolymers with TFEA, poly(OEGMA-co-TFEA). 
Typical NMR spectra at 298 K in CDCl3 and the assignments to the spectra of poly(OEGMA(475)-co-
TFEA) and poly(OEGMA(300)-co-TFEA) are shown in Figures 1 and S2 respectively. 
 
Table 1. Details of the chemical structure of the copolymers of OEGMA and TFEA. 
 
a
Calculated using equations 1 and 2 from intensities in 
1
H NMR spectra of the crude samples. 
b
The 
composition and Mn,NMR for the copolymers were calculated by considering the peak integrals of peaks 
due to protons 1 (2 H), 6 (2 H) and the RAFT agent proton 8 (2 H) as shown in Figure 1. 
c
Mn,GPC and 
molar mass dispersity, ĐM = Mw/Mn, were determined by GPC calibrated with PS standards. 
d
Calculated using equation 3. 
Polymers Conv 
(%)
a
 
OEGMA 
TFEA 
TFEA 
content 
(mol %) 
Mn,NMR
b
 
(g/mol) 
Mn,GPC
c
 
(kDa) 
Mn,th
d
    
(g/mol) 
ĐM
c
 
poly(OEGMA(475)-
co-TFEA) 
92.6       
83.3 
20.4 20990 11.9 19160 1.13 
poly(OEGMA(300)-
co-TFEA) 
88.6       
80.5 
19.0 16080 9.6 12140 1.19 
poly(OEGMA(300)) 85.6       
 - 
0 19480 7.9 10550 1.17 
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Figure 1. 
1
H NMR spectrum of poly(OEGMA(475)-co-TFEA) in CDCl3 at 298 K (monomer ratio for 
PEGMA and TFEA is 4 : 1). 
 
In this spectrum the resonances of the methoxy protons (3H, δ H3O-) of the OEGMA units are located 
at 3 37 ppm, the methylene protons (2H, δ H2O-) adjacent to the ester groups of OEGMA and TFEA 
appear at 4.08 ppm and 4.45/4.32 ppm, respectively. Of note, the 
1
H NMR spectra displayed two peaks 
for the methylene protons of the TFEA segments, most likely due to sequence effects. 
 
The conversion of OEGMA and TFEA to polymer during the polymerization (denoted OEGMA and  
TFEA) was determined from the integrated peak intensities in 1H NMR spectra of the crude samples 
(Figure S1) using equations 1 and 2, while the theoretical molecular weight (Mn,th) was calculated using 
equation 3. The larger value of Mn,NMR than Mn,th may be due to the loss of RAFT end groups during 
polymerization. This will lead to a lower integrated intensity of peaks due to the RAFT end groups, and 
lead to an overestimation of Mn,NMR. MRAFT is the molecular weight of the RAFT agent (CPADB).  
 
The detailed structural characteristics of the copolymers are summarized in Table 1. 
 
2 2 2,3.9 4.3 ,3.9 4.3 ,5.6( / ( 2 )) 100
CH O ppm CH O ppm CHPEGMA ppmI I I            (1) 
2 2
2
,4.43 4.68 ,4.43 4.68
,5.97 6.06
(( 2 ) / ) 100
CH ppm CH ppm
CH ppmTFEA I I I
 
          (2) 
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In addition to the 
1
H NMR measurements, the conversion of total monomer to polymer as a function of 
time was also followed by monitoring the decrease in the height of relevant peaks in the NIR spectra 
(Figure S3). Importantly the polymer composition was determined at low conversions (<10%) so that 
the monomer feed composition was close to being constant during the reaction, allowing accurate 
determination of the reactivity ratios.  The mole fraction of OEGMA in the copolymer, FOEGMA, was 
determined from the integrals of the appropriate peaks in the NMR spectra. The instantaneous 
copolymer composition as a function of monomer feed composition is displayed in Figure 2 (the 
OEGMA mole fraction in the comonomer mixture, fOEGMA, was set to be equal to the initial OEGMA 
feed composition), and the best fit to the copolymer equation (eq. 4) plotted as a solid line. 
2
1 1 1 2
1 2 2
1 1 1 2 2 22
r f f f
F
r f f f r f


 
                                  (4) 
In this equation ri are the reactivity ratios, defined as ri = kpii/kpij. Also f1 and f2 are the mole fractions of 
each monomer in the reaction mixture (f1 + f2 = 1), and F1 is the mole fraction of monomer 1 (OEGMA) 
in the copolymer.  
 
The reactivity ratios for the copolymerization of OEGMA(475) and TFEA (rOEGMA(475) and rTFEA) 
determined from the best fit to the copolymer equation, and using the program Contour
39
 are  2.46 and 
0.22, respectively. The reactivity ratios could be expected to depend on molecular weight of the 
OEGMA because of steric effects. However reports in the literature show a weak dependence, which is 
probably not statistically significant. For example, Driva et al.
40
 measured the reactivity ratios in the 
copolymerization of 2-vinyl pyridine (VP) with OEGMA(300) and VP with OEGMA(1100). Their 
analysis shows a weak decrease of rOEGMA with increasing molar mass, but comparison of the results 
based on different methods of analysis show that these differences will not be statistically significant.  
 
Reactivity ratios for the current system (poly(OEGMA-co-TFEA)) are not reported in the literature. In 
this polymerization the monomer OEGMA initially reacts faster with growing chains than TFEA 
leading to longer sequences of OEGMA. This means that as the concentration of OEGMA decreases, 
copolymers with a high content of TFEA will be formed, leading, in the case of this RAFT 
polymerization to a tapering of composition in the copolymers. As will be discussed in future 
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publications, understanding the sequence distribution is important for the application of these 
copolymers as 
19
F MRI agents. 
 
 
 
 
Figure 2. (a) Plot of instantaneous copolymer composition against monomer feed composition for the 
copolymerization of OEGMA(475) and TFEA. (b) The 95% confidence intervals for the reactivity 
ratios determined using the program Contour.
39
 The best fit obtained using this program, rTFEA = 0.22 
and rOEGMA(475) = 2.46, is indicated on the plot with a cross symbol. 
 
The rate of polymerization was determined by withdrawing samples from the reaction vessel during the 
polymerization and determining the composition of the mixture using 
1
H NMR. The kinetics of the 
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polymerization of OEGMA and TFEA mediated by CPADB are shown in Figure 3. As displayed in 
Figures 3a and S3a, the extent of conversion of monomer to polymer increased with reaction time, 
reaching 83 % and 55 % after 8 h for poly(OEGMA(475)-co-TFEA) and poly(OEGMA(300)-co-
TFEA), respectively. The semi-logarithmic plot of ln([M]0/[M]t) versus reaction time was close to 
linear, indicating the polymerizations followed pseudo-first-order kinetics and exhibited constant free 
radical concentration without significant termination reactions.
41, 42
 The higher reactivity of 
OEGMA(475) compared to OEGMA(300) was surprising, and in the absence of reduced termination 
effects for the higher molar mass monomer (not expected for RAFT) cannot be readily explained.  
Similar observations were reported by Pietsch et al.
43
 who likewise could not attribute the differences 
in reactivity. Despite this, the linear increase in number average molecular weight (Mn) with monomer 
conversion demonstrates that living character and good control were maintained during the 
polymerization (Figures 3b and S3b). For all RAFT polymerizations, the molar mass dispersity 
remained relative low at around 1.3. 
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Figure 3. Kinetics of RAFT polymerization of poly(OEGMA(475)-co-TFEA). (a) Evolution of 
monomer conversion (determined by 
1
H NMR) and ln([M0]/[Mt]) versus reaction time. (b) Evolution of 
molecular weight (Mn, obtained by GPC) and molar mass dispersity (ÐM) with conversion.  
 
Solution Properties in the Presence of Dissolved Salts 
 
In order to get a better understanding of the behaviour of the copolymers in potential biomedical 
applications, the influence of dissolved salts in solution needs to be examined. Here we choose K2SO4 
(a kosmotropic salt displaying a significant salting out effect) and KCl (displaying a moderate salting 
out effect) as model salt solutions. The solution behaviour of poly(OEGMA-co-TFEA) is predicted to 
be sensitive to both temperature and ionic strength, and so the phase transition in pure water and in salt 
solution was examined by several techniques sensitive to structure and molecular motion over different 
length scales. The scattering of light in the visible wavelength range (measured at 500 nm) measures 
the presence of structures 100 nm and larger in size. Dynamic light scattering can measure structures 
from several nanometers in size up to micron dimensions. 
1
H NMR spectroscopy is a sensitive measure 
of the local (nm-scale) chain dynamics. The combination of the three methods therefore provides 
insights into the chain dynamics across several orders of magnitude of size scale. 
 
Figure 4 shows the light transmittance at 500 nm of solutions of poly(OEGMA(475)-co-TFEA) and 
poly(OEGMA(300)-co-TFEA)  (20 mg/mL), in pure water and in salt solutions. There was only a small 
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decrease in transmittance for poly(OEGMA(475)-co-TFEA) in pure water (Figure 4e) up to 353 K, 
indicating the absence of gross phase separation. However the transmittance of light at 500 nm for both 
copolymers in salt solution exhibited a sharp decrease at temperatures ranging from 300 to 340 K, 
depending on polymer composition and ionic strength, indicating the onset of polymer chain 
aggregation. The temperature at which the transmittance dropped to 90 % was taken to be that of the 
lower critical solution temperature (LCST). The results are summarized in Table S1.  
 
The results presented in Figure 4 indicate that addition of K2SO4 to the aqueous solution had a stronger 
effect on the phase transition temperature compared with KCl. As described by the Hofmeister effect, 
SO4
2-
 has a higher electrovalence, larger electronegativity and displays a stronger „salting out‟ effect 
than Cl
-
.
44
 
 
Figure 4. Transmittance at 500 nm of solutions (20 mg/mL) of poly(OEGMA-co-TFEA) measured at a 
heating rate of 1
o
C/min; poly(OEGMA(300)-co-TFEA) in (a) 0.5 M K2SO4 solution and (b) 0.5 M KCl 
solution, poly(OEGMA(475)-co-TFEA) in (c) 0.5 M K2SO4 solution, (d) 0.5 M KCl solution and (e) 
pure water. 
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Figure 5. Value of LCST measured by scattering of 500 nm light from 20 mg/ml solutions of 
poly(OEGMA(475)-co-TFEA) in 0.5 M KCl solutions as a function of polymer composition (weight 
percentage TFEA). 
 
Furthermore, the values of LCST of poly(OEGMA(300)-co-TFEA) were lower than those of 
poly(OEGMA(475)-co-TFEA) under the same solution conditions, indicating higher solubility of the 
copolymer with the longer OEGMA(475) side chains in salt solutions. This observation is in line with 
previous observation by a number of works including Lutz and his colleagues that incorporation of 
OEGMA with longer side chains (i.e. 4/5 or 8/9 EO units on average) leads to more hydrophilic 
polymers with higher LCST values (i.e. in the range of 60 – 90 oC). The copolymerization of 
monomers with different side chain lengths permits one to tune the amphiphilic/hydrophobic nature of 
the macromolecule and therefore allows control over the temperature of the phase transitions in 
solutions.
24, 30
 
 
In addition to being sensitive to the length of the OEGMA side chain, the LCST for any given 
copolymer series is expected to depend on the copolymer composition. The relationship between the 
LCST and copolymer composition for poly(OEGMA(475)-co-TFEA) in 0.5 M KCl is shown in Figure 
5.  The temperature is seen to depend very strongly and in a linear manner on the weight (or volume) 
fraction of the hydrophobic monomer, so that over the composition interval of 2-26 wt.% TFEA the 
LCST decreases from around 73 
o
C to 45 
o
C. The molecular weights of each copolymer are 
summarized in Table S2. Once again these observations are in line with previous reports of the 
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dependence of LCST on copolymer systems.
2, 26, 30, 31
 However this is the first report of the use of a 
fluorinated monomer to moderate the transition temperature of thermosensitive OEGMA polymers.  
 
Measurements of molecular size of the molecules by dynamic light scattering (DLS) and NMR study as 
a function of temperature were conducted on the poly(OEGMA(300)-co-TFEA), which has a more 
accessible lower critical solution temperature. Figure 6 shows the number-average size distribution of 
poly(OEGMA(300)-co-TFEA) in pure water and in the presence of dissolved salt (KCl) at different 
temperatures. As shown in Figure 6, there was no clear change in hydrodynamic diameter in pure water 
with temperature, which was in line with the observations of NMR and UV-Vis: poly(OEGMA(300)-
co-TFEA) in pure water does not have an LCST in the observable temperature range. However, the 
diameters of the copolymers in salt solution showed a sudden increase to around 1000 nm when the 
temperature was increased above the LCST. The DLS observations are therefore consistent with results 
from turbidity and 
1
H NMR measurements, and furthermore indicate the large-scale aggregation of 
polymer chains at the LCST. 
 
Variable temperature 
1
H NMR spectra of the poly(OEGMA-co-TFEA)s copolymers were recorded in 
deionized water and salt solution to allow observation of the local dynamics of the chains on passing 
through the phase transition. The NMR spectra of poly(OEGMA(300)-co-TFEA) in 0.5 M KCl 
solution from 298 K to 333 K are shown in Figure 7a. As the temperature was increased the resonances 
tended to broaden considerably. This is in contrast to the usual situation for solutions of polymers in 
good solvents, in which narrower NMR lines are observed as temperature is increased due to the 
increasing effects of motional averaging of conformations and residual dipolar interactions. In the 
current system above the LCST, the polymer segments tend to aggregate due to partial dehydration, 
which leads to attenuated motions of the backbone and side-chain segments.
23, 45
 Similar behaviour has 
been observed for homopolymers of NIPAAm, however for that polymer a much more significant loss 
of intensity was observed on passing above the LCST.
34
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Figure 6. Number average size distributions of poly(OEGMA(300)-co-TFEA) determined by DLS at 
variable temperatures in (a) deionized water (from 298 K to 348 K) and (b) 0.5 M KCl solution.  
 
In this study, the proton signals from PEMGA side chain could be clearly detected and remained 
relatively sharp above the LCST, indicating greater solubilization of poly(OEGMA(300)-co-TFEA) 
compared with PNIPAAm homopolymer at temperatures above the LCST. Han and colleagues 
3
 
observed similar trends in the 
1
H NMR spectra of OEGMA homopolymers. Note that in the spectra in 
Figure 7 the peak due to HDO gradually moved to lower chemical shifts as the temperature was 
increased, indicating reduced intermolecular hydrogen bonding. 
 
Figure 7b shows the expansion of the 
1
H NMR spectra highlighting the region containing peaks due to 
protons 2 and 3 (see the structure in Figure 1) of the side chains of poly(OEGMA(300)-co-TFEA). 
These peaks are assigned respectively to the side chain ethylene oxide CH2 protons (2) and the 
methoxy protons (3). Below the LCST the chemical shifts for protons 2 and 3 moved to slightly lower 
chemical shifts as the temperature increased. This may be due to changes in the time-averaged 
conformation of these units as a result of increased mobility. However, the peaks experienced 
remarkable changes when the temperature rose to 318 K (above the LCST). With the aid of peak fitting 
(inset in Figure 7b), peaks belonging to protons 2 and 3 (located at ~ 3.7 ppm and ~ 3.37 ppm, 
respectively) could be identified and a new broader peak resolved at higher chemical shift. The new 
peak appearing at higher temperatures is assigned to methoxy protons 3 having a distinct conformation 
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in chain segments within aggregated structures. The results suggest that in the cloudy solution the 
polymer chains exist in two distinct mobile environments. This contrasts with the situation for 
PNIPAAm in which a second very broad peak was observed for example by Tokuhiro et al.
46
  In that 
work the line width of the peak which appeared above the phase transition indicated a solid-like 
immobilized phase. In this study it is likely that one population of chains remains well solvated in D2O 
while the other is located within relatively mobile polymer aggregates. The difference in line widths for 
these two peaks evident in Figure 7 (b) is consistent with the methoxy groups being in different local 
environments  The integrated intensities of the two peaks due to the methoxy protons (labeled α and β), 
obtained by curve fitting, are shown in Figure 7c  The area of peak α decreased and that of peak β 
increased at the phase transition indicating the disappearance of the well solubilized and highly mobile 
segments at the expense of a new and presumably conformationally-restricted population of side chains. 
 
The temperature dependence of the integrated intensities of the 
1
H NMR spectra is used here as a 
qualitative measure of the extent of phase separation at the LCST (Figure 8). In fact the decrease in 
peak intensity observed at the LCST is due to part of the population of chain segments experiencing 
extensive reduction in molecular mobility associated with the phase transition. This is a consequence of 
the sensitivity of the 
1
H dipolar interactions, and hence line width, to local motion; a portion of the 
chain segments experience such reduced motion that the NMR line width is broadened to such an 
extent that it decays during the receiver dead time and cannot be detected. As illustrated in Figure 8a, 
the integrated intensities for different protons of poly(OEGMA(300)-co-TFEA) in KCl or K2SO4 
solution all decreased with an increase in temperature in the LCST region. The relative sensitivity of 
the peak intensities to temperature follow the order: H (1) ≈ H (5) > H (4) > H (2) ≈ H (3)  It is clear 
that significantly larger changes in integrated intensities versus temperature in the LCST region were 
observed for hydrophobic portions compared with the hydrophilic parts of the polymer structure. In 
other words, across the LCST transition the motions of the protons H (1), H (4) and H (5) protons are 
more strongly affected that the side-chains which appear to remain partially hydrated. These 
observations are consistent with those of Han and co-workers
3
 who reported the variable temperature 
NMR spectra of OEGMA homopolymers. 
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Figure 7. (a) 
1
H NMR spectra of poly(OEGMA(300)-co-TFEA) in 0.5 M KCl D2O solution at 
different temperatures from 298 K to 333 K. (b) Enlarged 
1
H NMR spectra of proton 2 and 3 across the 
same temperature range. The inset shows the results of peak fitting the spectrum recorded at 318 K, 
which is above the L ST  (c) The areas of peaks α and β as a function temperature   
 
As shown in Figure 8b, there was no sharp decrease in integrated NMR intensity for 
poly(OEGMA(300)-co-TFEA) in pure water over the whole temperature range examined. The polymer 
remained fully hydrated at all temperatures as confirmed by the lack of change in optical density and 
hydrodynamic radius as reported above.   
 
It has been suggested that thermally-induced phase transitions of water soluble polymers follow a two 
stage mechanism; individual chains collapse in a transition from coil to globular form and subsequently 
the globules become aggregated.
47, 48
 A breakdown of the hydrogen bonding between the polar units of 
the macromolecules and water, or changes to the „hydrophobic effects‟ could be responsible for the 
coil-to-globule transition.
49
 Although thermo-responsive polymers have been extensively studied, the 
effects of salts on these polymers remain less well examined. It is generally accepted that salts affect 
the phase transition of polymers by changing the water structure and forming a hydration shell. It is 
also known that the effects are more pronounced for anions than for cations.
50, 51
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For the poly(OEGMA-co-TFEA) in our study, the long side chains in OEGMA are expected to be more 
strongly affected by the presence of salts owing to the structuring of water with PEG by means of 
hydrogen bonding.
2
 Added salts, such as the anions, Cl
-
 and SO4
2-
, become strongly hydrated with 
adjacent water molecules, and will decrease the extent of hydrogen bonding between water molecules 
and polymer segments. Subsequently the hydrogen bonding among hydrophilic chain segments 
becomes dominant, which leads to a strong tendency for the polymers to associate and therefore results 
in a decrease in the temperature of the LCST. Furthermore, the presence of Cl
-
 or SO4
2-
 will increase 
the hydrophobic-hydrophobic interactions through an increase in the polarity of the aqueous medium. 
The hydrophobic-hydrophobic interactions undoubtedly lead to a strong tendency for polymer chain 
aggregation, and thus a decrease in the LCST. It is not possible to state which of these mechanisms 
dominates in this system, although it is notable that the motion of the hydrophobic segments (the 
polymer back bone and protons near the side chain) is more strongly affected through the LCST while 
the OEGMA side chains remain partially hydrated, and fewer of the side chains are sufficiently 
immobilized as to become “NMR invisible”  
 
The data presented here (see Figures 4 and S4) also show that the effects of addition of SO4
2-
 to the 
aqueous solution of polymer are much stronger than on addition of Cl
-
.  Previous reports suggest that 
SO4
2-
 with a larger electrovalence and charge density shows a stronger salting out effect than chloride 
ions. 
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Figure 8. Relative decrease in the individual integrated peak intensities in the 
1
H NMR spectra of 
poly(OEGMA(300)-co-TFEA) in (a) 0.5 M KCl solution, (b) pure water, (c) OEGMA(300) 
homopolymer in pure water. The turbidity measurements are also shown in each figure (right-hand 
axis).  
 
In order to clarify the effect of the partially-fluorinated TFEA segments in poly(OEGMA-co-TFEA) on 
the solution properties, a homopolymer of OEGMA(300) was synthesized for further 
1
H NMR analysis. 
As shown in Figure 8c, the integrated intensities for different protons all decreased slightly as the 
temperature was increased. The decrease in integrated intensities in the absence of the phase transition 
is partly due to a change in the Boltzmann populations of the NMR spins, but may also be due to 
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changes in the response of the NMR probe. However it is apparent that the intensities of some peaks, in 
particular those due to protons on the side chains (protons 1, 2 and 3) do decrease relatively more than 
other peaks, indicating that the processes of conformation change and hence restriction of motion 
which are strongly apparent in salt solution are also evident, but weakly so, in the homopolymers, and 
in pure water. 
 
The integrated intensities of all peaks in the spectrum of the copolymer poly(OEGMA(300)-co-TFEA) 
decreased much more significantly than for the OEGMA(300) homopolymer (Figure 8 (b)). It is clear 
that the presence of the strongly hydrophobic TFEA monomeric units greatly enhances the tendency of 
the chains to aggregate despite the absence of a pronounced LCST transition detected by UV-vis 
spectroscopy. The dashed line in Figure 8 (b) shows the UV-vis transmittance at 500 nm up to 338 K, 
and the slight increase in scattering may be interpreted as evidence of the presence of aggregates.  
 
The effect of length of side chain in the OEGMA monomer on the phase transition of the polymers in 
salt solution was investigated by preparation of poly(OEGMA-co-TFEA) using OEGMA monomers 
with two different molecular weights (475 g/mol and 300 g/mol). As expected from previous 
experiments, the OEGMA with longer side chains should undergo more extensive hydrogen bonding, 
therefore, these polymers should display better solubility in water and higher volume phase transition 
temperatures.
22
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Figure 9. Temperature dependence of 
1
H NMR integrated intensities of proton H (1) for 
poly(OEGMA(475)-co-TFEA) in (a) 0.5 M KCl solution and (b) 0.5 M K2SO4 solution. 
Poly(OEGMA(300)-co-TFEA) in (c) 0.5 M KCl solution and (d) 0.5 M K2SO4 solution. The dashed 
line indicates the LCST temperatures determined using UV-Vis spectroscopy. 
 
Figure 9 displays the integrated intensities of the peak in the 
1
H NMR spectra for proton H (1) 
(methylene on the OEGMA side chain adjacent to the ester group) of the two copolymers in water 
solution in the presence of KCl or K2SO4. The dashed line shows the position of the LCST as 
determined from the changes in the transmittance at 500 nm. The results obtained from measurements 
of transmittance and 
1
H NMR spectroscopy are strikingly similar (Table S1), although the NMR results 
provide a more detailed picture of the molecular-level behaviour of the polymer chains. Several points 
can be noted. The values of the LCST (determined by light scattering and NMR) for 
poly(OEGMA(475)-co-TFEA) are higher than those of poly(OEGMA(300)-co-TFEA) (324 K and 316 
K compared to 307 K and 296 K in 0.5 M KCl or 0.5 M K2SO4 solution).  
 
As pointed out above the longer PEG side chain imparts greater overall solubility to the OEGMA(475) 
copolymers. Furthermore it is clear that the slope of the integrated intensity versus temperature in 
LCST region is quite different for poly(OEGMA(475)-co-TFEA) compared with poly(OEGMA(300)-
co-TFEA) in salt solution. The poly(OEGMA(475)-co-TFEA) copolymer exhibited a less abrupt phase 
transition at a higher temperature than that of poly(OEGMA(300)-co-TFEA). When the temperature 
was far above the LCST, the NMR spectrum for poly(OEGMA(300)-co-TFEA) lost more signal than 
poly(OEGMA(475)-co-TFEA), indicating higher levels of solvation of poly(OEGMA(475)-co-TFEA) 
even in the aggregated state. Finally the loss of signal of both copolymers was much more pronounced 
in K2SO4 solution than in KCl solution. This is due to the stronger salting out effect of K2SO4 than KCl, 
leading to stronger hydrophobic interactions, a greater tendency to aggregate, and thus more restricted 
chain motion. 
 
CONCLUSIONS 
 
In summary, we report the synthesis by RAFT polymerization of novel thermo- and ionic-responsive 
copolymers of OEGMA and TFEA with different OEGMA side chain lengths. The reactivity ratios for 
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OEGMA and TFEA were found to be 2.46 and 0.22, respectively, indicating that OEGMA is 
incorporated more rapidly than TFEA during the copolymerization. The copolymers are water soluble, 
and display LCST transitions in salt solutions, while there is no such transition in pure water up to 353 
K. As confirmed using UV-vis, DLS and
 1
H NMR measurements, dissolved salts play an important role 
in determining the phase transition behaviour of thermo-responsive poly(OEGMA-co-TFEA)s. 
Solutions containing K2SO4 exhibited a stronger salting out effect than KCl solutions as evidenced by 
the decrease in the temperature of the LCST. In addition the temperature of the LCST decreased 
linearly with the weight fraction of the hydrophobic TFEA segments. NMR studies revealed that the 
motions of protons located in and near the hydrophobic main chain were more sensitive to temperature 
in salt solution than motions of the protons in the hydrophilic OEGMA side chains. However the 
disappearance of a fraction of the NMR signal with increasing temperature shows that a proportion of 
the chains segments become significantly immobilized and therefore is no longer visible under 
conventional high-resolution NMR conditions. It was also found that incorporation of OEGMA(475) 
with a longer side chain length imparted better water solubility and a higher LCST than OEGMA(300) 
in salt solution. 
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Figure S1. 
1
H NMR spectrum of crude sample of poly(OEGMA(300)-co-TFEA) at 298 K. 
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Figure S2. 
1
H NMR spectrum of poly(OEGMA(300)-co-TFEA) at 298 K. 
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Figure S3. Conversion versus time plot obtained by FT-NIR for the polymerization of OEGMA(475) 
and TFEA in toluene at 343 K in the presence of CPADB as RAFT agent. 
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Figure S4. Kinetics data for polymerization of poly(OEGMA(300)-co-TFEA). (a) Evolution of 
monomer conversion and ln([M0]/[Mt]) versus reaction time. (b) Evolution of molecular weight (Mn, 
obtained by GPC using RI detector) and molar mass dispersity (ÐM) with conversion.  
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Figure S5. Relative change in the individual integrated peak intensities with temperature in the 
1
H 
NMR spectra of poly(OEGMA(300)-co-TFEA) in 0.5 M K2SO4 solution. 
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Table S1. Volume phase transition temperatures determined using UV-Vis and 
1
H NMR measurements 
for poly(OEGMA(300)-co-TFEA) and poly(OEGMA(475)-co-TFEA) in salt solutions at a polymer 
concentration at 20 mg/ml. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copolymers LCST (K, 0.5 M KCl) (UV-
Vis/
1
H NMR) 
LCST (K, 0.5 M K2SO4) (UV-
Vis/
1
H NMR) 
poly(OEGMA(300)-co-
TFEA) 
308/307 296/296 
poly(OEGMA(475)-co-
TFEA) 
336/324 318/316 
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Table S2. The volume phase transition temperatures as a function of TFEA content of 
poly(OEGMA(475)-co-TFEA). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample 1 2 3 4 5 
TFEA (wt %) 2.45 7.72 18.14 20.3 26.77 
TFEA content 
(mol %) 
7.2 20.5 40.6 44 53 
LCST (
o
C) 72.8 63 50.2 51.2 44.5 
Molecular weight 
(g/mol, GPC) 
12140 11870 10520 13020 8520 
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3.1 Introduction  
 
The thermo-responsive polymers of oligo(ethylene glycol) methacrylates (POEGMAs) have attracted 
the interest of a number of researchers, however to date these studies have mainly focused on the 
design of new polymers and the measurements of phase transition properties. In the majority of these 
publications, the volume phase transition has been examined through changes in optical density 
(turbidimetry) or molecular size, most usually by dynamic light scattering (DLS) measurements. As 
such, the observed behaviour is that of the whole molecule or is due to molecular association. 
Therefore, a more complete understanding of the processes responsible for the phase transition requires 
a detailed study on the structure and dynamics of thermo-responsive polymers at a molecular level. In 
order to improve this, following Chapter 2, we employed the combination of high-resolution NMR and 
molecular dynamics (MD) simulations to provide a molecular level understanding of the 
conformational behaviour of poly(OEGMA-co-TFEA) copolymers in aqueous solution. The solution 
behaviour of the copolymers at different temperatures below and above its LCST is discussed in detail. 
This aspect of my PhD research project has been published in the journal Macromolecules. 
 
2
Zhang, C., Peng, H., Puttick, S., Reid, J., Bernardi, S., Searles, D. J. and Whittaker, A. K. 
Conformation of Hydrophobically Modified Thermoresponsive Poly(OEGMA-co-TFEA) across the 
LCST Revealed by NMR and Molecular Dynamics Studies. Macromolecules, 2015, 48 10: 3310-3317. 
doi:10.1021/acs.macromol.5b00641. 
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ABSTRACT 
  
High-resolution NMR measurements and molecular dynamics (MD) simulations have been applied to 
the study of thermo-responsive copolymers of poly(ethylene glycol) methyl ether methacrylate 
(OEGMA) and 2,2,2-trifluoroethyl acrylate (TFEA) (poly(OEGMA-co-TFEA)) synthesized via 
reversible addition-fragmentation chain transfer (RAFT) polymerization. The detailed chemical 
microstructure of poly(OEGMA-co-TFEA) was investigated by means of various high-resolution NMR 
techniques. The polymer in aqueous solution possesses a lower critical solution temperature (LCST) at 
which significant changes in conformation are apparent.  
1
H 2D NOESY spectra were collected at 
temperatures below and above the LCST and demonstrated closer association of the exterior segments 
of the OEGMA side chains with the TFEA units above the LCST. MD simulations provided additional 
information on the changes in conformation and were consistent with the experimental findings. The 
combination of MD simulations with a detailed experimental study of poly(OEGMA-co-TFEA) in 
water leads to a clearer understanding of conformation occurring at the phase transition. 
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INTRODUCTION 
  
Polymers which undergo a change in properties in response to an external stimulus, for example 
temperature,
1-5
 pH
6, 7
 or ionic strength,
8, 9
 have received much attention recently, particularly in the 
biomedical fields. The most thoroughly investigated of these so-called „smart‟ materials are the thermo-
responsive polymers with a lower critical solution temperature (LCST) in aqueous solution. At 
temperatures below the LCST, the polymers are fully soluble in water and when the temperature is 
raised above the LCST they become partially or completely phase separated.
10, 11
 As a consequence of 
their interesting properties, such thermo-responsive polymers have found many applications, such as in 
drug and gene delivery,
6, 12, 13
 within sensing devices,
14
 and in tissue engineering.
15
 
 
Over the past several years, the thermo-responsive properties of polymers of oligo(ethylene glycol) 
methacrylates (POEGMAs) have attracted the interest of a number of researchers.
3, 11, 16-25
 This class of 
materials is becoming more widely employed as biomaterials since they have well-established 
properties of bio-compatibility and non-toxicity. Furthermore the versatility of the chemistry available 
to control thermal properties is making them an attractive alternative to the extensively studied thermo-
responsive polymer, poly(N-isopropyl acrylamide) (PNIPAAm).
16, 19
 The POEGMAs are reported to 
exhibit LCST behavior across a temperature range of 26 - 90 
o
C, depending on the balance of 
hydrophilic and hydrophobic moieties within the polymer structure. Most simply this can be controlled 
by adjusting the length of OEG side chain.
3, 26
  
 
Copolymerization of OEGMA with other monomers can also be used to vary the LCST and at the same 
time to endow the polymers with additional properties of interest. 
6, 27-31
 Of relevance to this study, 
hydrophobic monomers have been used to adjust the thermal properties of a number of thermo-
responsive polymers.
32-34
 For example, An et al. showed that the LCST of microgels of NIPAAm and 
hexafluorobutyl methacrylate (HFMA) decreased on incorporation of the fluorinated monomer.
33
 
Recently, we reported the synthesis of a series of thermo-responsive copolymers, poly(poly(ethylene 
glycol) methyl ether methacrylate-co-2,2,2-trifluoroethyl acrylate) (poly(OEGMA-co-TFEA)), and 
found that the temperature of the LCST decreased linearly with the weight fraction of the hydrophobic 
TFEA segments. In that series of polymers the addition of TFEA segments provides the possibility of 
the copolymer to be used as stimuli-responsive 
19
F MRI contrast agents.
34
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Although a large number of thermo-responsive polymers with different potential applications have 
been described, to date these studies have mainly focused on the design of new polymers and the 
measurements of phase transition properties. In the majority of these publications the volume phase 
transition has been examined through changes in optical density (turbidimetry) or molecular size, most 
usually by dynamic light scattering (DLS) measurements.
35-37
 As such, the observed behavior is that of 
the whole molecule, or is due to molecular association. A more complete understanding of the 
processes responsible for the phase transition requires a detailed study on the structure and dynamics of 
thermo-responsive polymers at a molecular level.  
 
High-resolution NMR is a key method for the analysis of polymer structure and the dynamics of chain 
segments, and has emerged as a powerful tool for the study of the phase transitions of thermo-
responsive polymers. Changes in NMR spectra (primarily peak intensity, line width and chemical shift), 
NMR relaxation times and diffusion coefficients as a function of temperature can be used to 
systematically investigate the changes in conformation experienced by thermo-responsive polymers.
38-
40
 In particular, two-dimensional nuclear Overhauser effect spectroscopy (2D NOESY) can provide 
detailed information on the interactions between segments of the polymers over short distances in space 
(typically < 5 Å). 
41-43
 As an example, Cheng et al. studied the role of sodium n-dodecyl sulphate (SDS) 
below and above the LCST in aqueous solutions of PNIPAAm/SDS by analysis of the interactions 
between SDS and PNIPAAm using high-resolution 
1
H 2D NOESY experiments.
44
 In another report, 
Jiang et al.
45
 described a detailed NMR study of isobutyramide-modified thermo-responsive 
hyperbranched polyethyleneimines (HPEI-IBAm) in aqueous solution at temperatures on either side of 
the phase transition. By monitoring the 
1
H-
1
H NOEs between the hydrophobic groups in HPEI-IBAm, 
they concluded that the hydrophobic-hydrophobic interactions in HPEI-IBAm macromolecule are 
enhanced above the phase transition and that the IBAm groups inside the HPEI skeleton structure are 
important for driving these hydrophobic-hydrophobic interactions. These and other studies demonstrate 
that a range of NMR techniques are needed to understand changes in the structure, local conformation 
and dynamics of thermo-responsive polymers. 
 
A more complete understanding of the structure and dynamics of polymers in solution can be obtained 
through a combination of the experimental techniques discussed above with computational methods.
46-
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48
 Of particular relevance, molecular dynamics (MD) simulations have been applied to the study of the 
conformation changes of thermo-responsive polymers at different temperatures.
49-52
 Mancini et al.
49
 
have reported MD simulations of conformational transitions of single-chains of thermo-responsive 
PNIPAAm. The coil-to-globule transition of PNIPAAm consisting with 30 monomer units was 
observed as the temperature was increased through the LCST. They found that below the LCST, the 
water molecules in the first hydration shell arrange themselves in a specific ordered manner by forming 
hydrogen bonds with the polymer. However, above the LCST, this arrangement is not stable, and 
hydrophobic interactions become dominant, which contributes to the collapse of the polymer. The 
study demonstrates that the dynamics of water solvation and localized ordering around the polymer 
chains plays an important role in determining the LCST transition. These results are in line with the 
experimental findings reported previously,
49, 51-54
 and amply demonstrate that the combination of 
experimental and theoretical work is crucial for understanding the phase transition properties of 
thermo-responsive polymers.  
 
In this study, we have prepared statistical copolymers of OEGMA and TFEA (poly(OEGMA-co-
TFEA)) through reversible addition-fragmentation chain-transfer (RAFT) copolymerization and 
examined their thermo-responsive behavior in detail. The structure and sequence distribution of 
OEGMA and TFEA segments in the copolymer was studied by solution-state NMR techniques. By 
conducting 
1
H 2D NOESY experiments as a function of temperature, we investigated the changes in 
conformation experienced by poly(OEGMA-co-TFEA) when the temperature is increased through the 
LCST. To assist the interpretation of the experimental results, molecular dynamics (MD) simulations 
were performed using both single and multiple polymer chains at two different temperatures (below 
and above the LCST). The solution behavior of poly(OEGMA-co-TFEA) at different temperatures 
below and above its LCST is discussed. The results of this work provide detailed information on the 
changes in conformation in hydrophobically-modified thermos-responsive polymers, and furthermore 
are expected to provide direction in the design of thermo-responsive 
19
F MRI contrast agents. 
  
EXPERIMENTAL SECTION 
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Materials.  
 
All chemicals were obtained from Sigma-Aldrich and used as received unless otherwise specified. 
Oligo(ethylene glycol) methyl ether methacrylate (~300 g/mol, OEGMA with ~ four ethylene glycol 
units) and TFEA were passed through a column of activated basic alumina prior to use to remove 
inhibitors  2,2‟-Azobis(2-methyl-propionitrile) (AIBN) was recrystallized from methanol twice before 
use. The RAFT agent, 4-cyanopentanoic acid dithiobenzoate (CPADB), was synthesized according to a 
previously reported method.
55
 Deuterated solvents (CDCl3 and D2O) were purchased from Cambridge 
Isotope Laboratories.  
 
Characterization Techniques.  
 
1
H NMR, 
19
F NMR, 
13
C NMR, 
13
C distortionless enhancement by polarization transfer (
13
C DEPT-
135), 
1
H-
13
C heteronuclear single quantum coherence (
1
H-
13
C HSQC), 
1
H-
13
C heteronuclear multiple 
bond correlation (
1
H-
13
C HMBC) and 
1
H nuclear Overhauser effect spectroscopy (
1
H NOESY) spectra 
were performed using conventional pulse sequences on a Bruker Avance 16.4 T spectrometer. Variable 
temperature high resolution 
1
H NMR and 
1
H NOESY spectra were recorded on solutions of polymer in 
D2O. The solution temperature in the NMR probe was kept constant to within ± 0.1 
o
C. 
 
Differential scanning calorimetry (DSC) was used to determine the glass transition temperature (Tg) of 
the polymers using a Mettler Toledo DSC instrument in a nitrogen environment. The sample was 
heated at 20 °C/min to 150 °C and then cooled at 20 °C/min to -100 °C to remove any effects induced 
by prior treatment. The Tg was then determined by heating from -100 °C to 150 °C at 10 °C/min. 
  
Dynamic light scattering (DLS) measurements were carried out using a Nanoseries Zetasizer (Malvern, 
UK) containing a 2 mW He-Ne laser operating at a wavelength of 633 nm. The scattering angle used 
was 173
o
 and the temperature stabilized to ± 0.1 
o
C of the set temperature. Each test for the 
hydrodynamic diameter was performed two times to provide an average value.  
 
UV-vis measurements were conducted on a Varian UV-vis Cary 4000 spectrophotometer fitted with a 
Cary temperature controller to determine the LCST of poly(OEGMA-co-TFEA) in water. The LCST 
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were calculated as the temperatures at which the transmittance decreased by 10% (at 500 nm). The 
heating rate was 1 
o
C/min.  
 
Gel Permeation Chromatography (GPC) was conducted on a Waters Alliance 2690 Separations Module 
equipped with an RI detector. The polymer was dissolved in tetrahydrofuran (THF), passed through 
0.45 µm filter and eluted at 1 mg/ml in THF. 
 
Synthesis of Poly(OEGMA-co-TFEA).  
 
In a typical experiment, OEGMA (1.2 g, 4 mmol), TFEA (126 µL, 1 mmol), AIBN (3.28 mg, 0.02 
mmol) and CPADB (27.9 mg, 0.1 mmol) were dissolved in toluene (5 mL) and sealed in a 25 mL flask 
fitted with a magnetic stirrer bar. The solution was then deoxygenated by purging thoroughly with 
nitrogen for 15 min, heated to 70 
o
C in an oil bath and allowed to react for 12 h. Upon completing the 
reaction, the solution was precipitated into hexane and redissolved in THF three times. The precipitate 
was then dissolved in water and purified by dialysis, yielding a pink viscous solid after freezer drying. 
Polymers of a range of compositions were prepared under identical conditions apart from differences in 
the initial monomer feed ratio. The detailed structural characteristics of the copolymers are summarized 
in Table S1 in the Supporting Information. Homopolymers of OEMGA and TFEA were synthesized by 
the omission of TFEA and OEGMA, respectively, from the reaction medium.  
 
Molecular Dynamics Simulations.  
 
Fully atomistic models of poly(OEGMA-co-TFEA) consisting of 30 OEGMA and 10 TFEA repeat 
units were created and placed in a periodic simulation cell which was filled with water molecules. Two 
sets of simulations were carried out, one with a single polymer chain, and the other with three polymer 
chains.  In the first case 22000 water molecules were used, and for the simulation of three polymer 
chains 44000 water molecules were added to the cell. The structure and average sequence distribution 
of the poly(OEGMA-co-TFEA) were determined from the NMR experiment results as described 
below. The molecular system was built with chains initially in the fully extended state (see Figure S1). 
The Materials Studio package was used to set up the initial structure and assign the force field 
parameters while MD simulations were carried out with the LAMMPS package.
56
 The force field used 
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for the current simulations was the CVFF force field with the SPC water model chosen to simulate the 
solvent.
57, 58
  
 
Prior to data collection, the system was equilibrated in a NPT (number of molecules (N), pressure (P) 
and temperature (T) are conserved) ensemble at either 298 K or 363 K and at 1 atm pressure. A Nosé-
Hoover barostat and thermostat were used to constrain the pressure and temperature, respectively.  
Production runs were carried out for 10 ns for single chains and 4 ns in the case of simulation of three 
polymer chains with a time step of 1 fs. The radius of gyration and atomic positions were accumulated 
and stored every 1 ps.  
 
RESULTS AND DISCUSSION 
 
The aim of this study is to examine the changes in conformation of a hydrophobically-modified 
thermo-responsive polymer as it passes through the volume phase transition temperature, to gain 
insights into the mechanism of the LCST transition. Statistical polymers of OEGMA and TFEA were 
prepared, and as such it is important to understand how the respective monomer units are placed, on 
average, along the polymer chain. Thus detailed high-resolution NMR studies of the polymer structure 
were conducted. This information allows the construction of realistic models of the polymer chains for 
molecular dynamics simulations.  
 
The structure of statistical copolymers of OEGMA and TFEA.  
 
A series of poly(OEGMA-co-TFEA) copolymers, containing different proportions of OEGMA as 
hydrophilic units and TFEA as hydrophobic units, was synthesized through RAFT polymerization. The 
structure of poly(OEGMA-co-TFEA) prepared with 20 % TFEA in the monomer feed is reported here 
in detail. Figure S2 shows the high resolution 
1
H NMR and 
13
C NMR spectra and assignments to the 
spectra. The composition of this particular polymer prepared with fOEGMA = 0.8, determined from the 
1
H 
NMR spectrum, was FOEGMA = 0.8. The final conversion of monomer to polymer was 91%. 
 
In the 
1
H spectrum (Figure S2 (a)), the resonances due to the protons of the main-chain methyl groups 
of OEGMA units are located from ~ 0.84 - 1.2 ppm, with splittings due to differences in sequence 
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distribution and tacticity. Several cross peaks are observed for these peaks with the peak C1 in the 
1
H-
13
C HSQC spectrum (Figure S3), which confirms that these multiple peaks are due to the α-methyl 
groups of OEGMA units. In order to support the assignments to these peaks, a homopolymer of 
OEGMA was synthesized and the 
1
H NMR spectrum of polyOEGMA is shown in Figure S4. The 
resonances of the α-methyl group of homopolymer of OEGMA are observed as three major peaks; the 
peak located at 0.84 ppm is due to rr triads, the peak at 1.01 ppm arises from mr triads and the peak 
due to mm triads is at 1.2 ppm.
59
 Moreover, the resonances of the methylene protons (2H, δ H2O-) 
adjacent to the ester groups of OEGMA and TFEA are also found to be split into several peaks. 
Previous Kim and Harwood
60
 have presented a detailed study of the effects of tacticity and sequence 
distribution on the 
1
H and 
13
C NMR chemical shifts of copolymers of methyl methacrylate (MMA) and 
methyl acrylate (MA), and assigned the complex splittings to both tacticity and sequence effects. 
Similarly, Brar and Kaur 
61
 studied the NMR chemical shifts of copolymers of MMA and n-butyl 
acrylate (n-BA) synthesized using atom transfer radical polymerization (ATRP). The NMR chemical 
shifts of backbone methylene and carbonyl carbons of both MMA and n-BA units were found to be 
compositionally as well as configurationally sensitive, as also observed in this current work.
61
 
  
Previous studies have demonstrated that controlled radical polymerization (for example RAFT or 
ATRP) of monomers with pronounced differences in reactivity will lead to gradient copolymers with 
homogeneous chain-to-chain composition.
61-63
 Thus in the current case of RAFT polymerization of 
OEGMA and TFEA with very different reactivity ratios (rOEGMA~2.46 and rTFEA~0.22),
34
 it is expected 
that gradient copolymers were synthesized. As shown in Figure 1a of the 
1
H-
13
C HMBC spectrum, 
peak C5
I
 only shows correlations with peak H5
I
, while peak C5
II
 has correlations to the rest of the 
peaks labelled C5. Here peak C5 is the carbon of ester group and peak H5 is methylene group adjacent 
to the ester groups of OEGMA. This indicates that peaks C5
I
 and H5
I
 are from blocks rich in OEGMA 
while C5
II
 and H5
II
 are from OEGMA units adjacent to TFEA units.  
 
The 
19
F NMR spectrum of poly(OEGMA-co-TFEA) in CDCl3 displayed in Figure 1b consists of four 
weakly-resolved peaks  The peak labelled α arises from isolated TFE  units with two adjacent 
OEGMA units in the triad sequence, while β, δ and γ are from the TFE  in longer sequences  
Calculations based on the copolymer equation and the measured reactivity ratios made using a simple 
numerical program indicated that at the end of the reaction (conversion was 91% for this polymer) the 
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monomer feed is almost completely depleted of OEGMA, and so extended blocks of TFEA are formed. 
The calculations indicate that the cumulative number of TFEA units existing as isolated units is 90%, 
with the remainder in extended sequences. The relative peak intensities in the NMR spectra differ 
slightly from this proportion, and indicate that in addition to sequence effects, other factors, such as 
location of units relative to the end groups, must be considered. As discussed in the supporting 
information the majority of the groups adjacent to the RAFT groups are TFEA units. The 
19
F NMR 
spectra of poly(OEGMA-co-TFEA) with different TFEA contents and results of fitting the spectra to a 
series of peaks are shown in Figure S6 and Table S2. The results indicate that the intensities of peaks 
labelled β, δ and γ, due to longer sequences of TFE  units, increase as the TFE  content is increased  
It should be noted that only two relatively broad peaks are observed in the 
19
F NMR spectrum when 
recorded in D2O. This indicates that the mobility of all fluorinated segments and in particular those 
giving rise to peaks δ and γ is reduced as the solvent quality for TFE  units is decreased   
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Figure 1. High resolution NMR spectra of poly(OEGM -co-TFE )  a) Expanded 1H-13  HM   
spectrum in    l3  b) 
19F NMR spectrum in    l3  c) 
19F NMR spectrum in  2O  The TFE  content 
(mol %) in the copolymer is 20 2 %   
 
The thermal properties of poly(OEGMA-co-TFEA) were investigated by differential scanning 
calorimetry. The DSC curves are shown in Figure 2; the glass transition temperatures of the 
homopolymer of OEGMA and TFEA are -46.2 
o
C and -6.2 
o
C, respectively.
64-66
 For the poly(OEGMA-
co-TFEA), two glass transitions are clearly detected close to the temperatures of the transitions 
observed for the homopolymers, indicating the presence of extended sequences of both OEGMA and 
TFEA units in the copolymer. The transition at around -53.4 °C is identified as the Tg of the OEGMA-
rich blocks and the transition at around -3.3 °C as the Tg of the TFEA-rich blocks.   
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Figure 2. The  S  traces for the OEGM  homopolymer, TFE  homopolymer and poly(OEGM -co-
TFE ) with a TFE  content of 20 mol %  Two distinct transitions at around -53 4 o  and -3 3 o  are 
observed for poly(OEGM -co-TFE )   
 
Volume Phase Transition of Copolymers.  
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The LCST of poly(OEGMA-co-TFEA) in water was determined using UV-vis spectrophotometry of 
aqueous solutions of the polymer having a concentration of 10 mg/ml. Figure 3 shows the light 
transmittance at 500 nm of the poly(OEGMA-co-TFEA) solution in water. The LCST of 
poly(OEGMA-co-TFEA), taken as the temperature at which the transmittance dropped to 90 %, is 
around 318 K for this polymer. The slightly lower LCST compared with our previous study is mainly 
due to the shorter OEGMA chain length.
33 
 
The number average particle sizes of poly(OEGMA-co-TFEA) in water at different temperatures, 
determined by dynamic light scattering, are shown in Figure 3. In addition, the number average size 
distributions at temperatures from 298 K to 353 K are shown in Figure S9. The hydrodynamic 
diameters of the copolymer increase gradually from ~ 4 nm to more than 300 nm when the temperature 
is increased through the LCST, indicating aggregation of originally-unimer particles. It can be 
concluded that the polymer chains exist as unimers in solution at low temperatures and that the polymer 
chains associate gradually forming large-scale aggregations above the LCST. 
34, 67
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Figure 3. Visible light transmittance at 500 nm of a solution of poly(OEGM -co-TFE ) measured at a 
heating rate of 1 o /min (full squares) and the number average sizes of poly(OEGM -co-TFE ) 
determined by  LS at different temperatures (empty squares)  
 
Study of Polymer Conformation Using NOE Spectroscopy.  
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In an attempt to further understand the mechanism driving the thermo-responsive behavior of the 
poly(OEGMA-co-TFEA) copolymer, 
1
H NMR nuclear Overhauser effect spectroscopy (NOESY) was 
conducted at different temperatures. The NOESY NMR experiment is a powerful tool for the 
determination of interactions through space, typically over distances smaller than 5 Å.  
 
The NOEs in macromolecular systems are often very small and the appropriate choice of mixing time 
is a critical factor in achieving NOESY spectra of sufficent quality. To identify the optimum mixing 
time for the NOESY experiments, NOE build-up curves were measured at 298 K by selective 
excitation of peak H10 (due to the methyl protons in OEGMA chain end) using a 1D NOESY 
sequence. As shown in Figure S10, initially the intensity of the cross peak builds up linearly with 
mixing time, then a delayed build up curve is observed indicative of the effect of spin diffusion.
68
 At 
long mixing times the curves start to drop due to direct (as opposed to cross) relaxation. The initial rate 
of the build-up curve of the NOESY cross peak intensity is proportional to r
-6
, where r is the inter-
nuclei distance. 
69
 Based on the build-up curves a mixing time of 150 ms was chosen to give maximum 
NOE intensity whilst ensuring that the initial rate approximation is valid and the intensity of the NOE 
is a function of inter-nuclear separation as described above. An internal standard is available in this 
experiment, namely the cross peaks generated from the aromatics ring protons of H11 (protons of H11
I
 
and H11
II
 in the ortho position, r = 2.5 Å and the cross peak intensity is set to 1). The cross peak 
intensities of poly(OEGMA-co-TFEA) between different protons are calculated from NOESY spectra 
based on the internal standard. An additional assumption implicit in these experiments is that the 
effects of molecular motion on the dipolar couplings responsible for the NOE are approximately 
constant across the structure repeat units. This is a common assumption in the analysis of 
conformations within globular proteins.
70
 
 
1
H 2D NOESY spectra were acquired with a mixing time of 150 ms at 298 K and 318 K (below and 
close to the LCST) and at 338 K (well above the LCST). The relative cross peak intensities between 
different nuclei were then calculated and compared across the temperature range examined (Table S3). 
As shown in Table S3, almost all the cross peak intensities change as the temperature is increased, due 
mainly to the changes in polymer chain conformation at the different temperatures. Among all of the 
changes in cross peak intensity, the intensities between protons 1 and 10, 5 and 10 from OEGMA 
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segments and protons 6 and 5, 6 and 8 from both OGEMA and TFEA segments are most helpful in 
understanding the changes in conformation of poly(OEGMA-co-TFEA) at different temperatures.  
 
According to the data presented in Table S3, the relative cross peak intensities between protons 1 and 
10, and between protons 5 and 10 increased (from 3.99 to 18.24 for protons 1 and 10, 2.56 to 13.05 for 
protons 5 and 10) as the temperature is increased. Peak 10 corresponds to the methoxy protons at the 
terminus of the ethylene oxide side chain, and peaks 1 and 5 are due to the main-chain alpha methyl 
protons and the methoxy protons adjacent to the ester group, respectively. This indicates that the 
OEGMA side chain is become more closely associated with the main chain as temperature increases, 
which can occur because of the high flexibility of the long oligo(ethylene oxide) side chain.  
 
The relative displacements of OEGMA and TFEA units at different temperatures are reflected in the 
intensities of the cross peaks between protons 6 and 5 as well as between protons 6 and 8. Protons 6 are 
the methylene protons of the TFEA side chains, and protons 5 and 8 are the methylene protons within 
the ethylene oxide side chains of the OEGMA units. As shown in Table S3, the cross peak intensities 
between protons 6 and 5, the side-chain methylene protons adjacent to the ester groups, which are most 
likely generated from directly neighboring OEGMA and TFEA units, do not change appreciably during 
the heating process. This is expected as these groups are closely attached to a relative rigid main chain 
and hence opportunities for change in conformation are limited. The cross peak intensity for protons 6 
and 8 decreases slightly as the temperature is increased to 318 K and then increases significantly, by a 
factor of about six, above the LCST. This slight decrease at 318 K may be due either to the partially 
dehydration of hydrophilic OEGMA chains leading to aggregation of OEGMA side chains  from TFEA 
units, or equally likely due to increased thermal motion leading to decreased dipolar couplings. The 
large increase in cross peak intensity above the LCST, indicative of closer contact between the TFEA 
and OEGMA units, is again caused by the aggregation of polymer chains.  
 
The DLS measurements described above indicate that below the LCST at 298 K, the polymer chains 
most likely exist as unimers in solution (the particle size is below 10 nm). Therefore, dehydration of the 
thermo-responsive OEGMA side chains at 318 K (hydrogen bonding between water and ether oxygen 
atoms is partially broken down) is responsible for the initial increases in NOESY cross peak intensity 
and leads to the formation of globules in solution. As the temperature further increases to 338 K (above 
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the LCST), the solution of the polymer becomes cloudy and the particle size increases to more than 300 
nm, indicating that the polymer chains are aggregated. In this situation, polymer-polymer interactions 
are thermodynamically favored as compared to polymer-water interactions,
10
 and are responsible for 
the further significant increases in NOESY cross peak intensity above the LCST.  
 
In brief summary, the results of the NOESY and DLS experiments are consistent with the polymer 
chains undergoing a coil-to-globule transition as the temperature is increased from 298 K to 318 K. 
Above the LCST, inter-polymer chain interactions become dominant, the globules aggregate into larger 
particles and the NOESY cross peak intensities correspondingly increase.  
 
Molecular Dynamics Simulations.  
 
In order to further understand the changes in conformation experienced by the copolymer at different 
temperatures we conducted atomistic molecular dynamics studies of model polymer chains. Initially a 
poly(OEGMA-co-TFEA) chain with 40 repeat units and composition consistent with the polymer 
examined by NMR (30 units of OEGMA and 10 units of TFEA) in water was constructed. 
Subsequently the conformation of the molecule was simulated at several temperatures. 
 
The simulations of poly(OEGMA-co-TFEA) in water were performed at 298 K (below the LCST) and 
363 K (above the LCST). Figure 4 shows the radius of gyration (Rg) of the copolymer during the 
molecular dynamics simulations at the two temperatures. The Rg of poly(OEGMA-co-TFEA) at 363 K 
fluctuates about  ~1.25 nm. However, the Rg of poly(OEGMA-co-TFEA) at 298 K is significantly 
larger at ~1.45 nm, with a brief period at ~1.7 nm, suggesting significant chain flexibility. The 
differences in Rg at 298 K and 363 K indicate a difference in structure which would be consistent with 
a coil-to-globule phase transition of poly(OEGMA-co-TFEA) above LCST.
49
 These differences in Rg 
below and above the LCST are in accord with previous molecular dynamics simulations of the thermo-
responsive polymer PNIPAAm.
49
 It is believed in that case that the collapse of stable water structure 
about PNIPAAm leads to the coil-to-globule transition and decrease in Rg above the LCST. 
49, 52, 53
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Figure 4. Radius of gyration of poly(OEGM -co-TFE ) in water at 298 K and 363 K, respectively, 
during the ~10 ns M  simulations   
 
Figure 5 shows the structure of poly(OEGMA-co-TFEA) after ~10 ns simulation time, below and 
above LCST. Figure 5a shows that poly(OEGMA-co-TFEA) is more extended and coiled  at 298 K 
while it is more globular at 363 K (Figure 5b). This suggests that the copolymer undergoes changes in 
the extent of both hydrophilic and hydrophobic interactions at higher temperature (above LCST) 
resulting in a folded dehydrated conformation, whereas the conformation of the copolymer at lower 
temperature remains extended and well hydrated. These observations are consistent with previous 
studies of PNIPAAm, where the polymer chain was observed to undergo a coil-to-globule transition as 
the temperature is increased above the LCST.
49
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Figure 5. Snapshots of poly(OEGM -co-TFE ) chains taken at the end of a ~10 ns of simulation at 
two temperatures: a) 298 K (backbone carbon atoms are shown in green) and b) 363 K (backbone 
carbon atoms are shown in yellow)  Water molecules have been omitted for clarity  
 
Furthermore, we calculated the average end-to-end distance of the side chains and main chain at 298 K 
and 363 K. The average length of the side chains (distance between H1 and H10, Figure S2) remains 
approximately constant at ~1.0 nm, while the average length of the main chain (distance between first 
and last C1) decreased from 3.0 nm to 2.2 nm, with  a standard deviation of 0.55 nm and 0.47 nm 
respectively, as the temperature was increased. This indicates that the main chain is significantly more 
compact and less flexible, while the side chains of OGEMA remain relatively extended even above the 
LCST, which is helpful in explaining our previous observations of changes in 
1
H NMR peak intensities 
during heating through the LCST.
33
 The hydrophobic portions in the main chain experienced 
significantly larger decreases in 
1
H NMR peak intensity on heating compared with the hydrophilic parts 
of OGEMA side chain.
34
 In other words, across the LCST transition segmental motion in or near the 
main chain protons is more strongly affected than within the side-chains.  
 
We also performed transient simulations of three polymer chains in water. The snapshots in Figure 6 
suggest that the aggregation of poly(OEGMA-co-TFEA) chains occurs at both temperatures, as the 
simulation box is large enough to allow separation. The Rg at 363 K (above LCST) is smaller than that 
at 298 K after 4 ns simulation starting from an initial configuration at 298 K, (decreases from ~2.54 nm 
to ~2.11 nm) suggesting stronger aggregation at 363K.  
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Figure 6. Snapshots of three poly(OEGM -co-TFE ) chains taken at the end of 4 ns of simulation at 
two temperatures below and above L ST: a) 298 K and b) 363 K  The backbone carbon atoms are 
highlighted  Water molecules have been omitted for clarity  
 
The combined MD simulation and experimental study of the phase transition of poly(OEGMA-co-
TFEA) in water leads to a clearer understanding of conformation changes at different temperatures. 
Below the LCST, copolymer unimers are dominant in solution and the polymer chains adopt a coil-like 
conformation. As the temperature is increased above the LCST, collapse of the chains is observed. At 
the same time the chains became aggregated, as supported by DLS results and the MD simulation of 
the ensemble of three copolymer chains. In support of this, significant and specific increases in the 
cross peak intensities in the NOESY experiments were observed as temperature was increased above 
the LCST.  
 
CONCLUSIONS 
 
In summary, we have synthesized a novel thermo-responsive copolymer of OEGMA and TFEA 
through RAFT polymerization and developed an in depth understanding of the copolymer structure and 
changes in conformation at different temperatures using well-established experimental measurements. 
In addition, molecular dynamics simulations for single and multiple poly(OEGMA-co-TFEA) chains 
were conducted to support the experimental measurements. The LCST of poly(OEGMA-co-TFEA) in 
water was determined to be around 318 K by using turbidity and DLS experiments. In order to further 
understand the mechanism driving the thermo-responsive properties, 
1
H NOESY NMR and MD 
simulations were conducted at temperatures below and above the LCST. Below the LCST, a coil-like 
conformation is adopted and unimers are dominant in solution. As the temperature is further increased 
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above the LCST, collapsed chains are observed. In the meantime, large particles are formed, due to the 
aggregation of polymer chains as supported by the DLS results and MD simulation of ensemble of 
three polymer chains. Correspondingly, the cross peak intensities in the NOESY NMR experiments 
increased significantly as the temperature was increased above the LCST.  
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Figure S1. Schematic representation of poly(OEGMA-co-TFEA) (30 OEGMA and 10 TFEA units) in 
the fully extended state.  
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Figure S2. The high resolution NMR spectra of poly(OEGMA-co-TFEA); a) 
1
H NMR and b) 
13
C 
NMR spectra. The spectra were obtained at 16.4 T on a solution of 10 mg/ml in CDCl3 at 298 K. The 
peak assignments were confirmed using various NMR techniques, namely 
1
H-
1
H COSY, 
1
H-
1
H HSQC, 
1
H-
1
H HMBC and 
13
C DEPT135 as shown in the Supporting Information. 
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Figure S2a shows the high resolution 
1
H NMR spectrum of  poly(OEGMA-co-TFEA). H1, H2, H3 and 
H4 are from the main chain, while H5-H10 are from the side chain. H11 and H12 are from the RAFT 
agent.  
 
Figure S2b shows the high resolution 
13
C NMR spectrum of  poly(OEGMA-co-TFEA). C1-C4 are 
from the main chain and C5-C13 are generated from the side chain. C14-C17 are all from the RAFT 
agent.  
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Table S1. Details of Chemical Structure of the Copolymers of OEGMA and TFEA 
 
Polymers  onversion 
(%) 
OEGM  
TFE  
Feed ratio 
(OEGM /TFE , 
mol/mol) 
TFE  content 
(mol %)a 
Mn,NMR 
(g/mol)a 
Mn,th 
(g/mol) 
Poly(OEGM -
co-TFE ) S1 
94 1 
82 3 
4:1 20 2 39700 19410 
Poly(OEGM -
co-TFE ) S2 
78 5 
69 3 
3:2 40 7 19340 13600 
Poly(OEGM -
co-TFE ) S3 
70 7 
57 6 
2:3 53 1 14270 9660 
OEGM  
homopolymer 
80 2 
- 
- 0 24500 19710 
TFE  
homopolymer 
- 
55 6 
- 100 6590 3790 
 
a
The composition and Mn,NMR for the copolymers were calculated by considering the peak integrals of 
peaks due to protons 5 (2 H), 6 (2 H), and the RAFT agent proton 11 (2 H) in the 
1
H NMR spectra.  
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Figure S3. 
1
H-
13
C HSQC spectrum of poly(OEGMA-co-TFEA) in CDCl3. Multiple cross peaks can be 
observed between H1 and C1.  
 
 
 
Figure S4. 
1
H NMR spectra of a) poly(OEGMA-co-TFEA) and b) OEGMA homopolymer. 
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Figure S5. a) 
13
C DEPT135 spectrum and b) 
13
C spectrum of poly(OEGMA-co-TFEA) in CDCl3. 
 
 
Figure S6. 
19
F NMR spectra in CDCl3 of poly(OEGMA-co-TFEA) with different contents of TFEA. 
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Table S2. Peak areas in 
19
F NMR spectra of poly(OEGMA-co-TFEA) with different contents of TFEA 
obtained using the PeakFit program.  
 
Poly(OEGM -co-TFE )  Peak α Peak β Peak γ Peak δ 
S1 
 bsolute area 
1995 4 807 2 33 35 15 3 
 rea ratio (%) 70 28 3 1 17 0 54 
Poly(OEGM -co-TFE ) 
S2 
    
 bsolute area 597 2 462 7 149 2 47 3 
 rea ratio (%) 47 5 36 8 11 9 3 77 
Poly(OEGM -co-TFE ) 
S3 
    
 bsolute area 392 23 464 1 207 7 83 4 
 rea ratio (%) 34 2 40 4 18 1 7 3 
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End-group analysis  
 
In the current study, 2D 
1
H-
13
C HSQC and HMBC NMR techniques were applied for analysis of the 
end-group structure.  
 
The 
1
H NMR spectrum of the copolymer (x-axis in Figure S6) has two small peaks located at 4.83 ppm 
(H6
IV’
) and 4.78 ppm (H6
IV’’
), respectively. The 
1
H-
13
C HMBC spectrum of poly(OEGMA-co-TFEA) 
(shown in Figure S7) shows correlations between carbons and protons that are separated by as many as 
four bonds, while the direct one-bond correlation is suppressed. It is very clear that H6
IV 
has 
correlations with both C18 and C19 centered at 224 ppm (carbons of dithiobenzoate end group, also 
correlated with H11) and 169 ppm (carbons of carbonyl group of TFEA segment) in 
13
C NMR 
spectrum, respectively.
1
 It can be concluded that H6
IV
 arises from the protons of -CH- groups of TFEA 
units bound directly to the carbon of dithiobenzoate of the RAFT agent.  
 
Figure S8 shows the enlarged 
1
H-
13
C HMBC spectrum of the copolymer. It can be noticed that H6
IV’
 
has correlations with C2 (~ 45 ppm, quaternary carbon of OEGMA segment) and the peak marked with 
an asterisk (~ 43 ppm, -CH2- of TFEA segment, negative peak
 
in 
13
C DEPT135 spectrum as shown in 
Figure S5). However, no such correlation can be observed for the other peak H6
IV’’
. This leads to the 
suggestion that H6
IV’
 is from TFEA which is attached to OEGMA units while the other peak H6
IV’’
 is 
from the TFEA units which are adjacent to other TFEA units.  
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Figure S7. 
1
H-
13
C HMBC spectrum of poly(OEGMA-co-TFEA) in CDCl3.  
 
 
Figure S8. The enlarged 
1
H-
13
C HMBC spectrum of poly(OEGMA-co-TFEA) in CDCl3. 
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Figure S9. Number average size distributions of poly(OEGMA-co-TFEA) determined by DLS at 
temperatures from 298 K to353 K.  
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Figure S10. 
1
H NOESY build-up curves of poly(OEGMA-co-TFEA). Peak H10 of poly(OEGMA-co-
TFEA) was used as the excitation peak. 
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Table S3. The calculated cross peak intensities of poly(OEGMA-co-TFEA) between different protons 
at different temperatures. The values are calculated from the NOESY spectra and using the cross peaks 
generated from the aromatics ring protons of H11 as an internal reference.  
 
Temperature Protons 1 2,3 4 5 6 8 10 
298 K 1  71 54 13 17 38 91 3 14 33 93 3 99 
 2,3   17 10 18 80 2 54 39 94 4 32 
 4    3 08 0 59 6 54 Overlap 
 5     Overlap 15 54 2 56 
 6      7 44 Overlap 
 8       Overlap 
 10        
318 K  1 2,3 4 5 6 8 10 
 1  41 81 10 18 21 96 1 9 60 62 6 89 
 2,3   7 62 11 47 1 44 50 54 8 39 
 4    3 34 0 29 Overlap Overlap 
 5     0 68 17 70 3 42 
 6      5 72 0 52 
 8       23 75 
 10        
338 K  1 2,3 4 5 6 8 10 
 1  98 09 10 22 28 30 10 15 130 94 18 24 
 2,3   22 74 19 80 7 08 84 03 13 04 
 4    3 37 1 35 13 33 2 44 
 5     0 66 96 90 13 05 
 6      48 89 8 14 
 8       51 27 
 10                 
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Figure S11. Radius of gyration of three copolymer chains of poly(OEGMA-co-TFEA) in water at 298 
K and 363 K, respectively, during the 4 ns MD simulations.  
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4.1 Introduction 
 
Currently, one of the most important fields in biomedicine is the development of non-invasive imaging 
tools to support targeted therapies. Magnetic resonance imaging (MRI) plays a key role in the field 
because of its non-invasive nature, lack of radiation burden and in particular its capability to provide 
high resolution images with detailed anatomic contrast. There is increasing interest in the development 
of MRI techniques for the early detection of cancerous tissue, to enhance the survival rate and quality 
of life of cancer patients. However, the relative insensitivity of the MRI technique often requires the 
use of contrast agents (CAs). 
 
Over the past several decades numerous 
1
H MRI CAs, such as Gd
3+
 and Mn
2+
 chelates and 
superparamagnetic iron oxide (SPIO) particles have been developed and applied in pre-clinical and 
clinical settings.
1-5
 Despite the wide-spread use of such 
1
H CAs, they retain several disadvantages. 
Principal amongst these is limited contrast due to the high background signal arising from the 
abundance of protons in tissue, making it difficult to distinguish tumour tissue from the surrounding 
normal tissue, especially at early stages of the disease. Furthermore, quantitative imaging using 
1
H 
based contrast agents is extremely challenging with generally a qualitative description of disease state 
being obtained.
6
 
 
Recently 
19
F MRI has been championed by several groups as a promising alternative to 
1
H MRI 
because of its high sensitivity (83 % of 
1
H), high selectivity and more importantly, the lack of 
confounding background signal from the living body.
7-9
 The experiment involves sequential acquisition 
of high-resolution proton density scans and 
19
F MR images, and superposition of the two scans in false 
colour. This allows ready and unambiguous identification of the location of the fluorinated imaging 
agent. Furthermore, the total 
19
F signal intensity can be measured in a quantitative manner, and in the in 
vivo setting allows for tracking and counting of molecules or labelled cells.
10-12
  
 
19
F MRI naturally relies on the use of fluorine-containing molecules or particles, and a high 
concentration of 
19
F nuclei is required in the target voxel to provide adequate signal for the acquisition 
of good quality images. The organic chemistry of fluorine is well established and it is known that 
fluorinated particles can provide a stable moiety for interrogating many aspects of physiology and 
pharmacology in vivo. A range of fluorinated compounds, from small molecules to polymers, have 
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been designed and studied as candidates of 
19
F MRI CAs.
13-18
 Previous studies have indicated that 
polymeric 
19
F MRI agents are strong candidates for in vivo imaging, and accordingly several classes of 
polymeric agents have been prepared and tested.
6,9,17-24
 The development of „smart‟   s is a step 
further in the efforts to improve the specificity of MR imaging. So-called „smart‟   s, which respond 
to changes in the microenvironment (ionic strength, pH, temperature, light, the presence of enzymes, 
redox potential, etc.), have created great interest.
9,21,25-27
 In particular, the use of MRI to detect 
fluctuations in the concentration of vital ions has recently received much attention. Metcalfe and co-
workers
28
 synthesized a novel 
19
F NMR reporter, FCryp-1, to measure intracellular concentration of 
Na
+
. A difference in 
19
F NMR chemical shift of 2 ppm between free FCryp-1 and Na-FCryp-1 complex 
provides a direct read out of free Na
+
. More recently, Bulte and co-researchers
29
 reported the detection 
of metal ions (Ca
2+
) and discrimination between Zn
2+
 and Fe
2+
 using ion chemical exchange saturation 
transfer 
19
F MRI. 
 
For the rational design of stimuli-responsive contrast agents to be optimised, a detailed understanding 
of the structure and dynamics of the polymeric agents is crucial. A combination of the nuclear 
Overhauser effect spectroscopy (NOESY) and molecular dynamics (MD) simulations recently reported 
by our group has been shown to be a promising method to study the conformational changes at 
molecular level in response to an external stimulus.
30,31
 
 
It is well known that compared to normal tissue, cancerous tissue can have a very different ionic 
composition. Thus it is suggested that normal and cancer tissue may be discriminated through selective 
imaging using CAs sensitive to ionic strength that are triggered by a change in concentration of ions. In 
the past few decades, it was reported by many researchers that the intracellular concentration of 
dissolved ions, especially sodium and chlorine, are elevated in cancer cells compared with normal 
cells.
32-36
 Smith and co-workers
35
 reported from energy-dispersive X-ray microanalysis that the 
concentrations of sodium and chlorine in transplantable H6 hepatoma cells in mice were more than 
double compared to the concentrations in normal hepatocytes. Similar results have been reported in 
other cancer cells.
37-39
 More recently, Bertoni-Freddari and co-workers
40
 studied the intracellular ratios 
of Na
+
:K
+
 in normal human and cancer cells and demonstrated that the high proliferating capacity of 
invasively growing cancer cells is accompanied by a significantly increased intranuclear and 
cytoplasmic Na
+
:K
+
 ratio due mostly to an increase content of sodium ions. These results indicate that 
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detection of changes in intracellular ionic composition is a potential route to identification of cancerous 
cells. 
 
Breast cancer is the most prevalent malignant disease threatening women worldwide. There is 
expectation that the survival rate can be improved with improved diagnostic screening methods for 
early-stage disease with reliable biomarkers.
41
 The ionic composition of normal breast and cancer cells 
are also very different, based on measurements of mouse mammary tissue reported by Smith and co-
workers.
36
 These workers found that the sodium concentration is approximately three times higher in 
cancer cells compared with preneoplastic and normal mammary cells, the concentration of chlorine is 
twice as high while the potassium concentration is elevated in the cancer cells but not to the same 
extent.  
 
In response to the need for imaging agents responsive to specific cell types, we have prepared partially-
fluorinated statistical copolymers of oligo(ethylene glycol) methyl ether methacrylate (OEGMA) and 
2,2,2-trifluoroethyl acrylate (TFEA) (poly(OEGMA-co-TFEA) copolymer) through reversible 
addition-fragmentation chain-transfer (RAFT) copolymerization. Previously we have reported the ion-
responsive properties of these copolymers
42
, however the mechanism of interaction of the salts with the 
copolymers remains to be elucidated. Herein we report a detailed study of the changes in conformation, 
microenvironment and 
19
F NMR relaxation times experienced by poly(OEGMA-co-TFEA) in the 
presence of dissolved salts, and complement these masurements with molecular dynamics (MD) 
simulations. The ion-responsive properties of these copolymers demonstrate their potential to be 
applied as indicators of cancerous cells. The poly(OEGMA-co-TFEA) copolymer was incubated with 
normal breast and cancer cells (MCF-12A and MCF-7, respectively) and changes in NMR properties 
including 
19
F NMR spin-spin relaxation times were measured. The results of this work provide 
direction for the design of ion-responsive 
19
F MRI contrast agents.  
 
4.2 Experimental Section 
 
4.2.1 Materials 
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 ll chemicals and solvents were used as received unless otherwise stated  Monomers were passed 
through alumina prior to use to remove inhibitors   zobisisobutyronitrile ( I N) was recrystallised 
from methanol three times before use   euterated solvents (   l3 and  2O) were purchased from 
 ambridge Isotope Laboratories  The M F-12  and M F-7 cell lines were purchased from  merican 
Type  ulture  ollection ( T  )  Epidermal growth factor was obtained from     iosciences  Fetal 
bovine serum (F S), cholera toxin, paraformaldehyde (PF ), insulin, hydrocortisone, trifluoroacetic 
acid (TF ), N-(5-Fluoresceinyl)maleimide, n-hexyl amine and dimethylphenyl phosphine ( MPP) 
were purchased from Sigma  hemical   ulbecco modified Eagle medium ( MEM) with glucose, 
phosphate buffered saline, sodium pyruvate and L-glutamine,  MEM/Ham‟s F12 medium and 
antibiotic-antimycotic (  ) were provided by Thermo Fisher Scientific   ellTiter 96®  Queous one 
solution cell proliferation assay (MTS) were purchased from Promega  Mounting medium for 
fluorescence with   PI was purchased from Vector Laboratories  
  
4.2.2 Characterisation 
 
1H NMR, 19F NMR spectra and 19F NMR relaxation time T2 of the poly(OEGM -co-TFE ) 
copolymer were carried out using a  ruker  vance 400 MHz spectrometer  1H nuclear Overhauser 
effect spectroscopy (1H NOES ) spectra were performed using conventional pulse sequences on a 
 ruker vance 700 MHz spectrometer  The mixing time was fixed at 150 ms   
 
 ynamic light scattering ( LS) measurements were carried out using a Nanoseries  etasizer (Malvern, 
UK) containing a 2 mW He-Ne laser operating at a wavelength of 633 nm and the scattering angle used 
was 173 o  Each test for the hydrodynamic diameter was performed two times to provide an average 
value   
 
Gel permeation chromatography (GP ) was conducted on a Waters  lliance 2690 separations module 
equipped with an RI detector  The polymer was dissolved in tetrahydrofuran (THF), passed through 
0 45 μm filter, and eluted at 1 mg/ml in THF  
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4.2.3 Methods 
 
4.2.3.1 Synthesis of the Poly(OEGMA-co-TFEA) Copolymer and Conjugation with N-(5-
fluoresceinyl)maleimide 
 
For the synthesis of the poly(OEGM -co-TFE ) copolymer, OEGM  (1 2 g, 4 mmol), TFE  (126 
μL, 1 mmol),  I N (3 28 mg, 0 02 mmol), and  P    (27 9 mg, 0 1 mmol) were dissolved in toluene 
(5 mL) and sealed in a 25 mL flask fitted with a magnetic stirrer bar  The solution was then 
deoxygenated by purging thoroughly with nitrogen for 15 min, heated to 70 °  in an oil bath, and 
allowed to react for 12 h  Upon completing the reaction, the solution was precipitated into hexane and 
redissolved in THF three times  The precipitate was then dissolved in water and purified by dialysis, 
yielding a pink viscous solid after freezer drying  The detailed structural characteristics of the 
copolymers are summarized in Table S1  Homopolymers of OEMG  was synthesized by the omission 
of TFE  from the reaction medium  
 
4.2.3.2 Reduction of the Polymer to Free Thiol 
 
Polymers that contained R FT agent were reduced to free thiol by aminolysis in the presence of n-
hexyl amine (4 : 1) molar ratio to the poly(OEGM -co-TFE ) copolymer and catalytic amount of 
dimethylphenyl phosphine ( MPP) to prevent the formation of a disulfide (1 % molar ratio)  
 
4.2.3.3 Conjugation of Poly(OEGMA-co-TFEA) with N-(5-fluoresceinyl)maleimide Dye 
 
The procedure was as follows: into a  MSO solution containing N-(5-fluoresceinyl)maleimide (2 3 
mg, 0 0054 mmol), an aqueous solution of poly(OEGM -co-TFE ) (100 mg, 0 005 mmol) was 
gradually titrated  The pH was adjusted to ~ 7 and the mixture was allowed to react at room 
temperature in the dark for 24 h    yellow product was obtained after dialysis against water and freezer 
drying   
 
4.2.3.4 Molecular Dynamics (MD) Simulations  
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Fully atomistic models of poly(OEGM -co-TFE ) consisting of 30 OEGM  and 10 TFE  repeat 
units were created and placed in a periodic simulation cell which was filled with water molecules at 
298 K  Two sets of simulations were carried out: one is in water and the other is in salt solution  In the 
first case 22 000 water molecules were used, and for the second case the simulation was conducted in 
the presence of 1000 Na l  The molecular system was built with chains initially in the fully extended 
state  The Materials Studio package was used to set up the initial structure and assign the force field 
parameters while M  simulations were carried out with the L MMPS package 43 The force field used 
for the current simulations was the  VFF force field with the SP  water model chosen to simulate the 
solvent 44,45  
 
Prior to data collection, the system was equilibrated for ~ 10 ns in a NPT (number of molecules (N), 
pressure (P), and temperature (T) are conserved) ensemble at 1 atm pressure    Nos -Hoover barostat 
and thermostat were used to constrain the pressure and temperature, respectively  Production runs were 
carried out for 30 ns with a time step of 1 fs  The radius of gyration and atomic positions were 
accumulated and stored every 1 ps  
 
4.2.3.5 In Vitro Assays 
 
Cell Culture. M F-7 cells were grown in  MEM containing 10% fetal bovine serum (F S) and 1 % 
antibiotic-antimycotic (  )   ells were incubated at 37 o  supplemented with 5%  O2/95 % air  M F-
12  cells were grown in a 1:1 mixture of  ulbecco modified Eagle medium and Ham‟s F12 medium 
supplemented (95%) with 20 ng/ml epidermal growth factor, 100 ng/ml cholera toxin, 10 μg/ml insulin, 
and 500 ng/ml hydrocortisone and 5% horse serum   ells were incubated at 37°  supplemented with 
5%  O2/95% air   
 
MTS assay. To quantify a potential impact on the cells viability, the 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) assay compared the 
poly(OEGM -co-TFE ) copolymer versus control cells  The cells were cultured with the 
poly(OEGM -co-TFE ) copolymer (concentrations from 0 mg/ml to 20 mg/ml) in a 96-well plate in a 
final volume of 200 µl with 20 k cells per well for 24 h  The MTS solution (20 µl) was added into each 
well and incubates for 4 h  Shake the plate briefly on a shaker and measure absorbance of treated and 
untreated cells using a plate reader at 490 nm   
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19
F NMR analysis of cellular uptake. The 
19
F content per cell was determined by 
19
F NMR 
spectroscopy. For this, a large quantity of cells was required and cells were therefore grown in T75 
flasks. The cell number was determined using a hemocytometer cell counter. Cells of a known number 
were placed in 200 µl Triton lysis buffer (diluted in deuterium oxide) and mixed with 80 µl 
trifluoroacetic acid (TFA) 
19
F standard. Two distinct peaks were observed at -76.55 ppm for TFA and -
73.9 ppm for the poly(OEGMA-co-TFEA) copolymer. The mean number of 
19
F nuclei per cell was 
calculated using the following formula: 19
3
( / ) s r ac
r c
I M N
F F Cells
I N
 , Where the Is is integrated area of 
major peak of the cell pellet, Mr is moles of TFA reference, Na is the  vogadro‟s number, Ir is the 
integrated area under TFA reference peak and Nc is the number of cells in pellet. 
 
Fluorescence microscopy images.  ells were seeded onto coverslips in a 24-well plate and grown 
overnight at 37 o   Then polymer was added in a final concentration at 20 mg/ml and incubated with 
cells for 24 h   ells were fixed for 15 min in 4% paraformaldehyde (PF ), before being rinsed three 
times in P S and water   ells were then mounted with   PI and sealed with nail polish   
 
Measurement of 
19
F NMR relaxation times.  ells in three T175 flasks were cultured with the 
poly(OEGM -co-TFE ) at a concentration of 20 mg/ml for 24 h and then fixed with 4 % 
paraformaldehyde (PF ) for 30 min  The samples were transferred into 3 mm NMR tubes and inserted 
into 5 mm NMR tubes filled with  2O  The volume of the cells was sufficient to fill the detector region 
of the NMR coil, typically ~ 4 cm in length from the bottom of the NMR tube   cquisition of 19F NMR 
spectrum and measurements of relaxation times T1 & T2 were carried on a  ruker  vance 400 MHz 
spectrometer   
 
19F NMR spectra of the cells were acquired with a relaxation delay of 1 s, acquisition time of 1 26 s and 
the number of scans was 1024  
 
The 19F spin-spin (T2) was measured using the  arr-Purcell-Meiboom-Gill ( PMG) pulse sequence at 
310 K  The relaxation delay was 2 s, the acquisition time was 0 16 s and the number of scans was 512  
For each measurement, the echo times were varied from 2 to 770 ms and 16 points were collected, 
which could be described by exponential functions for the calculation of T2  
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19F spin-lattice (T1) relaxation times were measured using the standard inversion-recovery pulse 
sequence  The relaxation delay was 2 s, the acquisition time was 0 16 s and the number of scans was 
512  For each measurement, the recovery times were varied from 2 ms to 3 s and 16 points were 
acquired  
 
4.3 Results and Discussions 
 
4.3.1 Study of Polymer Conformation Using NOE Spectroscopy and DLS  
 
The central thesis to be examined in this work is that changes in ionic strength lead to changes in 
conformation and mobility of ion-responsive polymers in solution, which will further affect their NMR
 
and MRI properties in a measurable manner. The aim of this study is therefore to assess the effects of 
ions on polymer conformation and dynamics at a molecular-level. The use of the ion-responsive 
poly(OEGMA-co-TFEA) copolymers for non-invasive detection of the normal and cancer cells will be 
examined. The statistical copolymer of OEGMA and TFEA (FOEGMA = 0.8) prepared using RAFT 
polymerization is a gradient copolymer with homogeneous chain-to-chain composition and its 
characterization was discussed in detail in our previous studies.
30,42
 The chemical structure of the 
copolymer is shown in Scheme 4-1. The detailed structural characteristics of the copolymer are 
summarized in Table S4-1 in the Supporting Information.  
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Scheme 4-1. Schematic diagram illustrating the synthesis of poly(OEGMA-co-TFEA) copolymers via 
RAFT polymerization and the attachment with green fluorescence dye. The numbers in the structure 
corresponds to the assignments to the protons in the 
1
H NOESY NMR spectra. 
 
The effect of dissolved NaCl, a moderately strong salting-out species within the Hofmeister series, on 
polymer size in water solution was examined by dynamic light scattering (DLS). The number-average 
particle sizes of the poly(OEGMA-co-TFEA) copolymer and a homopolymer poly(OEGMA) were 
measured in pure water and in the presence of NaCl. Note that the number-average molecular weights 
of the copolymer and homopolymer, listed in Table S4-1 in the supporting information, are similar at 
around 20000 g/mol and 11000 g/mol from 
1
H NMR and SEC measurements, respectively. Both 
polymers have low molar mass dispersity. Several broad conclusions can be drawn from the results 
presented in Figure 4-1. First, the hydrodynamic diameters (Dh) of the polymers under all conditions 
are below 10 nm, indicating that the polymers are unimers in solution. Second, the Dh of the 
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poly(OEGMA-co-TFEA) copolymer is always significantly smaller than that of the poly(OEGMA) 
homopolymer. It is concluded that the hydrophobic TFEA segments in the copolymer result in water 
being a slightly less-good solvent; it is likely that the fluorinated segments associate, minimizing the 
contact with the solvent and the surface energy of the particle.
46,47
 As such, the introduction of the 
hydrophobic TFEA segments to the hydrophilic polymer of OEGMA units leads to a reduction in 
hydrodynamic diameter of the polymer. Third, the hydrodynamic diameter decreases on addition of 
NaCl, indicating the intramolecular self-association (the polymers remain as unimers in solution) of the 
ionic responsive polymers in the presence of salt.
48
 To be more specific, the addition of ions to the 
solution leads to formation of ionic hydration layers around the polymer, and thus the hydrogen 
bonding structure of the polymer is broken down, which consequently is expected to lead to a reduction 
in the solvency of water for the polymer chains.
49-52
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Figure 4-1. The hydrodynamic diameter (Dh) at 298 K of the poly(OEGMA) homopolymer and 
poly(OEGMA-co-TFEA) copolymer determined by DLS as a function of concentration of NaCl. Data 
are expressed as means ± SD (n=3). 
 
In an attempt to further understand the mechanism driving the ion-responsive behaviour of the 
poly(OEGMA-co-TFEA) copolymer, 
1
H NMR nuclear Overhauser effect spectroscopy (
1
H NOESY) 
was conducted in pure water and in the presence of NaCl (0.1 M) at 298 K (Figure S4-1). The NOESY 
NMR experiment provides a powerful tool for the study of proximity of structures through space, 
typically over distances smaller than 5 Å.
53,54
 The cross-peak intensities in the NOESY spectra of the 
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poly(OEGMA-co-TFEA) copolymer in D2O and a 0.1 M NaCl solution in D2O are summarized in 
Table S4-2. The cross-peak intensities which are most indicative of the changes in conformation of the 
poly(OEGMA-co-TFEA) copolymer are listed in Table 4-1.  
 
The relative displacements of OEGMA and TFEA units are reflected by the changes of cross-peak 
intensities between protons 1 and 6, 5 and 6, 7 and 6 and 10 and 6. According to the data in Table 4-1, 
the cross-peak intensities of all of these pairs of protons are decreased on addition of NaCl, indicating 
an increase in average distance between OEGMA and TFEA segments. This can arise from the 
dehydration and aggregation of the hydrophilic OEGMA chains leading to the displacement of the 
OEGMA side chains from the TFEA units. Aggregation of the OEGMA side chains is also confirmed 
by increases in intensities of the cross-peaks between protons 7 and 10 and protons 8 and 10 from 
OEGMA segments (increases of 129 % and 66 %, respectively). However, the cross-peak intensities 
between protons 1 and 10 and protons 1 and 5 are slightly decreased by 26 % and 7 % (See Supporting 
Information Table S4-2). These observations indicate that the decrease in hydrodynamic diameter of 
the poly(OEGMA-co-TFEA) copolymer in the presence of NaCl is mainly due to aggregation of the 
OEGMA side chains with corresponding slight expansion of other segments of the copolymer. The 
mechanism driving the conformational changes of the copolymer in the presence of NaCl will be 
further discussed below. 
 
Table 4-1. Cross-peak intensities in the NOESY spectra of the poly(OEGMA-co-TFEA) copolymer in 
D2O and 0.1 M NaCl D2O solutions. These values were calculated from the NOESY spectra by using 
the cross-peaks generated from the vicinal protons of H11 as an internal reference (the cross-peak 
intensity was set to 1). The proton numbering can be found in Scheme 4-1. 
 
Protons 1 to 6 5 to 6 7 to 6 10 to 6 7 to 10 8 to 10 
Poly(OEGM -co-TFE ) copolymer in 
 2O 
2 55 2 94 1 29 1 05 1 13 2 86 
Poly(OEGM -co-TFE ) copolymer in 
0 1 M Na l 
0 62 0 86 0 44 0 16 2 59 4 76 
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4.3.2 Molecular Dynamics (MD) Simulations 
 
To assist the interpretation of the experimental results, molecular dynamics (MD) simulations were 
performed on a single polymer chain of the poly(OEGMA-co-TFEA) copolymer at 298 K in water and 
in the presence of NaCl ions. MD simulations can provide powerful complimentary information on the 
conformational changes of specific segments of the copolymer at a molecular level. Initially, a 
poly(OEGMA-co-TFEA) copolymer chain consisting of 40 repeat units and composition consistent 
with the polymer examined by NMR (30 units of OEGMA and 10 units of TFEA) was constructed in 
pure water and in the presence of NaCl (12.4 wt %).
30
 Prior to the collection of data, the system was 
equilibrated for ~10 ns. Subsequently, the conformation of the copolymer was simulated for ~30 ns 
with a time step of 1 fs. The radius of gyration (Rg) and atomic positions were accumulated and stored 
every 1 ps  Figure 4-2 shows the Rg of the copolymer during 30 ns of simulation in water and with the 
addition of NaCl to the simulation box. The Rg of the copolymer in the presence of NaCl is lower than 
that of the copolymer in water, which indicates that the conformation of the copolymer in pure water 
remains extended and well hydrated however the copolymer undergoes a conformation change to a 
folded „dehydrated‟ state on the addition of Na l  The reduction in Rg in the “salt solution” is in 
excellent agreement with the DLS experimental studies.  
 
The MD simulations also allow calculation of specific inter-atomic distances under the conditions 
considered. For example the average value of the shortest distance between the head and end of the 
OEGMA side chains (protons 7 to 10) was monitored at each time step. In pure water the average 
distance between protons 7 and 10 was 0.51 nm. However, in the presence of NaCl, the corresponding 
distance decreased to 0.45 nm, a reduction of 12 %. This observation is in accord with the NOESY 
results, indicating closer association of the OEGMA segments in the presence of the salt, contributing 
to the decrease in hydrodynamic radius of the copolymer. In order to compare the results of MD 
simulations with the experimental data, the calculations were not restricted to distances within single 
side chains, but averaged over the nearest proton pairs including inter-side chain contributions. It was 
noted that for the OEGMA side chains the shortest terminal-to-proximal distances were usually inter-
chain distances (67 % and 90 % of the shortest distances are inter-chain in salt solution and pure water, 
respectively). Therefore the calculations provide a clear picture of changes in the conformation of the 
OEGMA side chains on a change in solvent quality, i.e. on addition of salt to the solution. 
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In addition to monitoring changes in the conformation of the OEGMA side chains, the behaviour of the 
fluorinated units was also monitored and averaged at each time step. Seven fluorine containing groups 
were included in the fictional polymer chain and placement based on the sequence distribution of the 
poly(OEGMA-co-TFEA) copolymer. On addition of salt to the simulation box the shortest distance 
between fluorine atoms decreased from 0.83 nm to 0.79 nm. This decrease in inter-nuclear separation is 
expected to lead to changes in the 
19
F NMR properties of the poly(OEGMA-co-TFEA) copolymer. 
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Figure 4-2. The radius of gyration (Rg) of the poly(OEGMA-co-TFEA) copolymer in pure water and in 
the presence of 12.4 wt % NaCl during a ~30 ns of simulation using LAMMPS at 298 K. 
 
Figure 4-3 shows the structure of the poly(OEGMA-co-TFEA) copolymer at the end of a ~30 ns of 
simulation, in pure water an in salt solution. The copolymer clearly adopts a more extended 
conformation in pure water (Figure 4-3a) and a more globular conformation in the presence of NaCl 
(Figure 4-3b). These visual conformational changes are highly consistent with the decreases in Dh and 
Rg reported in Figure 1 and 2.  
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Figure 4-3. Snapshots of the poly(OEGMA-co-TFEA) chains taken at the end of a ∼30 ns simulation 
in (a) pure water (backbone carbon atoms are shown in blue) and (b) in salt solution (12.4 wt % NaCl) 
(backbone carbon atoms are shown in red). Water molecules and NaCl ions have been omitted for 
clarity. 
 
In order to further examine the behaviour of the polymer and other species in solution, the pair 
distribution functions, g(r), between the copolymer, water and ions were calculated. The results of 
NOESY and MD simulations indicate that the ion-responsive properties of the poly(OEGMA-co-
TFEA) copolymer are heavily driven by the OEGMA side chains. Figure S4-2 shows the pair 
distribution functions between the ether oxygen atoms of the OEGMA side chain (O1) and oxygen and 
hydrogen atoms of H2O in water and salt solution. The intensities of the first peak in g(r) between the 
O1 atoms and water atoms are significantly higher in pure water than in salt solution (Figure S4-2).
55
 
This indicates that the interactions between O1 atoms and water are reduced and the solvency of water 
for the polymer chains is decreased on addition of NaCl. Clearly the distribution of water molecules 
around the O1 atoms is strongly affected by the addition of NaCl. 
 
The MD simulations of the poly(OEGMA-co-TFEA) copolymer in the presence of NaCl (Figure 4-4c), 
also revealed the existence of two different types of O1 atoms in the OEGMA ether side chain. These 
are O1 atoms closely associated with Na
+
 ions (labelled O1a), and O1 atoms which predominantly 
interact with water molecules (these are labelled O1b). The former of these, O1a, are illustrated closely 
associated with Na
+
 ions in the snapshot from the simulation in Figure 4-4c). The pair distribution 
functions for O1a and water shown in Figure 4-4a reveal the absence of a peak in  ( O   H) within a 
diameter of 4 Å, and a broad peak in  ( O   O) at ~ 3.4 Å. This indicates that O1a atoms and water do 
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not form strong hydrogen bonds. The peak located at ~ 3.4 Å in  ( O   O) arises from water bonded 
directly with Na
+
 ions; the Na
+
 ions interact directly with O1a leading to a partial dehydration of the 
copolymer. The water molecules around the Na
+
 ions are oriented by the ionic field (ion hydration), 
and more specifically the affinity between the Na
+
 and O atoms of H2O is much stronger than that 
between the Na
+
 and H atoms of H2O (see Figure S4-3 in Supporting Information). The other type of 
O1 (namely O1b), shows strong affinity with both O and H atoms of H2O as shown in Figure 4-4b, and 
provide partial hydration of the copolymer. These results indicate that partial hydration/dehydration of 
the copolymer, ion hydration and direct interactions between ions and the copolymer all drive the 
conformational changes of the poly(OEGMA-co-TFEA) copolymer in salt solution, and provides a 
clear understanding of the well-known „salting-out‟ effect of PEG-containing systems. 52,56-58 
 
Figure 4-4. The interactions between NaCl and the poly(OEGMA-co-TFEA) copolymer in the 
presence of 12.4 wt % NaCl. (a) and (b) The pair distribution functions g(r) of the O1a and O1b atoms of 
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OEGMA side chains to H and O atoms of H2O. (c) A snapshot from the MD simulations showing the 
distribution of water and ions within 4 Å of the copolymer.  
 
We propose that the poly(OEGMA-co-TFEA) copolymer can act as an ion-responsive 
19
F MRI contrast 
agent on the basis of the studies escribed above of the conformational changes in salt solution. Our 
previous studies of partially-fluorinated polymers show that the performance of this class of 
macromolecule as 
19
F MRI agents depends on structural parameters such as the number of fluorine 
spins, and dynamic parameter, namely the longitudinal and transverse relaxation times (
19
F T1 and 
T2).
59
 For these systems the spin-spin relaxation time (T2), which is determined by the strength of the 
dipolar coupling of the 
19
F nuclei with near-neighbour fluorine and proton nuclei, is most important in 
determining MRI performance. The value of T2 is highly sensitive to the spatial arrangement of the 
nuclear spins and their relative mobility, parameters which are very sensitive to the polymer 
conformation.  
 
It is clear that changes in the 
19
F NMR T2 can serve as an indicator for the changes in 
microenvironment of the 
19
F spins in solution. The sensitivity of the copolymer to salt solution was 
examined by measurement of the 
19
F NMR T2 in aqueous solutions of NaCl at 310 K. As can be seen in 
Figure 4-5 the 
19
F NMR T2 decreased with an increase in concentration of NaCl in solution. Note that 
the concentration range spans the range of physiological ionic strengths found in the body. The 
observed decrease in T2 can be rationalised by reference to the results of NOESY measurements and 
MD simulations presented in the previous section. Partial dehydration of the poly(OEGMA-co-TFEA) 
copolymer in the salt solution leads to a reduction in chain dimensions (Rg) and closer association of 
the TFEA segments. The combination of reduced homo- and hetero-nuclear separation and a likely 
decrease in intramolecular segmental mobility on partial chain collapse, leads to an increase in the 
strength of the dipolar couplings and, as such, a reduced 
19
F T2 relaxation time. The 
19
F NMR T1 
relaxation times of the copolymer were measured in solutions at different concentrations of NaCl and 
found not to change substantially indicating no substantial change in the high frequency motions of the 
trifluoromethyl group in TFEA (Table S4-3).   
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Figure 4-5. 
19
F NMR T2 relaxation times for the poly(OEGMA-co-TFEA) copolymer in deionized 
water and in NaCl solutions (0.1 M to 0.5 M) at 310 K measured at a field strength of 9.4 T.  
 
An in vitro examination of the ion-responsive behaviour of the copolymers was conducted by 
incubation of solutions of the copolymer with normal and cancer cells. Prior to this the copolymer was 
further modified by conjugation with N-(5-fluoresceinyl)maleimide as a fluorescent reporter. The 
cellular uptake of the poly(OEGMA-co-TFEA)-MalNFlu copolymer was studied by fluorescence 
microscopy and 
19
F NMR spectroscopy. As shown in Figure 4-6a, cells treated with the copolymer 
demonstrated significant amount green fluorescence, mostly within the cytoplasm indicating successful 
cellular uptake.  
 
Cytocompatibility is a key concern for materials to be used in biomedical applications.
60,61
 As such, we 
investigated the cytocompatibility of the poly(OEGMA-co-TFEA)-MalNFlu copolymer with MCF-7 
and MCF-12A cells via a MTS cell viability assay (Figure 4-6b and Figure S4-5). The copolymer does 
not display apparent cytotoxicity in the concentration from 1 to 20 mg/ml after incubation for 24 h. 
This demonstrates that these fluorine-containing copolymers do not significantly impact the viability of 
the cells. 
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Figure 4-6. (a) Fluorescence microscope images of the poly(OEGMA-co-TFEA)-MalNFlu copolymer 
in MCF-7 cells. The nuclei were stained with DAPI (blue) and the copolymer was labelled as green. (b) 
Cell viability was not significantly affected by the addition of poly(OEGMA-co-TFEA)-MalNFlu 
copolymer for MCF-7 cells as measured by a MTS viability assay after 24 hours of incubation. The 
fluorescence microscope image and cell viability tests of the poly(OEGMA-co-TFEA)-MalNFlu 
copolymer in normal breast cells (MCF-12A) are shown in Figure S4-4 and S4-5 in the Supporting 
Information. 
 
19
F NMR spectroscopy was also employed to confirm and quantify cell uptake of the poly(OEGMA-
co-TFEA)-MalNFlu copolymer. A major peak in the spectrum at ~ -73.9 ppm was observed due to 
poly(OEGMA-co-TFEA) copolymer. Trifluoroacetic acid (TFA, -76.55 ppm) was used as an internal 
reference to quantify the number of fluorine spins per cell (Figure S4-6). Using the method reported by 
Ahrens and co-workers
12
, we measured a 
19
F content in each cell of approximately 1.45 x 10
10
 fluorine 
spins.  
 
The 
19
F NMR T2 of the poly(OEGMA-co-TFEA) copolymer was measured after uptake into normal 
breast cells and breast cancer cells (MCF-12A and MCF-7, respectively). As the intracellular 
concentration of salt is significantly different in these cells
36
, it is postulated that differences in 
conformation of the copolymer will be reflected in the 
19
F NMR T2 of the copolymer. The cells were 
incubated with the poly(OEGMA-co-TFEA) copolymer for 24 h and fixed with 4 % paraformaldehyde 
followed by centrifugation to form a pellet. To prevent the contamination of the cells with the 
deuterated solvent, D2O was added to a 5 mm NMR tube to provide the lock signal. The cell pellet was 
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added into an insert tube (3 mm outer diameter) which was placed into the standard 5 mm NMR tube 
containing the D2O.
62
 Figure 4-7a shows the 
19
F NMR spectra at 301 K of the copolymer in water, and 
within normal and cancer cells (MCF-12A and MCF-7). The small peak
 
at 73.2 ppm, which is assigned 
to long sequences of TFEA units in the copolymer,
30
 was not apparent in the spectra of MCF-7 cells. 
This is ascribed to aggregation of polymer segments, in particular the highly-fluorinated parts, in 
cancer cells having higher ionic content, leading to prohibitively short T2 relaxation times for those 
groups.
42
  
 
The results of measurements of 
19
F NMR T2 relaxation times of the poly(OEGMA-co-TFEA) 
copolymer in MCF-7 and MCF-12A cells are shown in Figure 4-7b. The 
19
F NMR T2 of the copolymer 
in pure water was 178 ms, while this dropped to 124 and 82 ms in MCF-12A cells and MCF-7 cancer 
cells, respectively. This is clear demonstration that the copolymer is undergoing changes in 
conformation, confirmed by the experimental and computational studies, in the cells, and that this is 
reflected in the lower values of 
19
F T2 relaxation times. Importantly the elevated salt content in the 
cancer cells (MCF-7) leads to a significantly lower relaxation time compared with the healthy cells 
(MCF-12A). The potential for these copolymers to act as indicators of cellular ionic strength is clearly 
demonstrated by this study. 
 
Figure 4-7. In vitro 
19
F NMR measurements. (a) 
19
F NMR spectra of the poly(OEGMA-co-TFEA) 
copolymer in water, MCF-12A normal cells and MCF-7 cancer cells. The multiple peaks in the 
19
F 
NMR spectrum arise from different sequences of TFEA in the copolymer.  (b) 
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curves and fits to exponential decays for the copolymer in water, normal breast (MCF-12A) and cancer 
cells (MCF-7).  
 
4.4 Conclusions 
 
In summary, we have reported a novel ion-responsive copolymer of OEGMA and TFEA prepared 
through RAFT polymerization. Detailed and systematic studies of the changes in conformation and 
mobility of the poly(OEGMA-co-TFEA) copolymer in aqueous and salt solutions were conducted. The 
hydrodynamic diameter (Dh) of the copolymer was measured by DLS and found to decrease on 
addition of NaCl to the solution. 
1
H 2D NOESY and MD simulations indicate that OEGMA side chains 
tended to undergo inter-side chain association and that the displacement with respect to the main chain 
decreased. MD simulations show that a Na
+
 ions were closely with the ether oxygen atoms of many 
OEGMA side chains, driving a partial dehydration of the poly(OEGMA-co-TFEA) copolymer. The 
ion-responsive nature of the copolymer was exploited as a non-invasive indicator of cancer cells. The 
poly(OEGMA-co-TFEA) copolymer was incubated with normal breast and cancer cells (MCF-12A and 
MCF-7, respectively) and the 
19
F NMR T2 relaxation time in the cancer cells found to be significantly 
lower than that in normal cells. These results indicate that the 
19
F NMR T2 relaxation time of these 
polymers can serve as a valuable and robust marker for detection of cancer tissue.  
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Table S4-1. Details of the chemical structure of the copolymer of OEGMA and TFEA and the 
OEGMA homopolymer. 
Polymer  onversion (%) 
OEGM    
TFE  
19F  
(wt 
%) 
Mn, NMR 
(g/mol) 
Mn, GP  
(g/mol) 
Mn, th 
(g/mol) 
ÐM 
Poly(OEGM -co-
TFE ) copolymer 
 92 6          
 83 3 
2 18 20990 11870 19160 1 13 
Poly(OEGM ) 
homopolymer 
 90 6 0 18200 10500 17380 1 12 
 
 
 
 
Chapter 4 Ion-responsive 
19
F MRI Contrast Agents for the Detection of Cancer Cells 
 
145 
 
Figure S4-1. 
1
H NOESY spectra of poly(OEGMA-co-TFEA) copolymer in (a) D2O and (b) 0.1 M 
NaCl D2O solution at 298 K with a mixing time at 150 ms. 
 
 
 
 
 
 
 
 
(a) 
(b) 
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Table S4-2. Calculated cross peak intensities in the NOESY spectra of poly(OEGMA-co-TFEA) in 
D2O and 0.1 M NaCl D2O solution. These values are calculated from the NOESY spectra using the 
cross peaks generated from the protons of H11 as an internal reference. The mixing time was fixed at 
150 ms. 
D2O 1 2,3 4 5 6 7 8 10 
1 
 
82.18 14.21 34.57 2.55 15.52 28.73 3.26 
2,3 
  
18.20 14.88 1.78 7.97 24.98 4.05 
4 
   
2.39 0.50 2.40 8.01 No Signal 
5 
    
2.94 28.57 21.87 2.83 
6 
     
1.29 6.05 1.05 
7 
      
Overlap 1.13 
8 
       
2.86 
10 
        0.1 M 
NaCl 1 2,3 4 5 6 7 8 10 
1 
 
90.50 12.46 37.12 0.62 17.97 24.25 2.39 
2,3 
  
15.46 16.69 1.39 11.44 22.98 1.89 
4 
   
1.42 0.22 4.86 2.04 No Signal 
5 
    
0.86 30.38 17.02 2.06 
6 
     
0.44 2.69 0.16 
7 
      
Overlap 2.59 
8 
       
4.76 
10 
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Figure S4-2. The pair distribution function g(r) of the ether oxygen atoms (O1) of the OEGMA side 
chain to H and O atoms of H2O. 
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Figure S4-3. Pair distribution functions g(r) of Na
+
 to H and O atoms of H2O. 
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Table S4-3. 19F NMR T1 and T2 relaxation times for poly(OEGMA-co-TFEA) copolymer in deionized 
water and in different NaCl water solutions (0.1 M to 0.5 M) at 310 K. 
 
 Water  0 1 M 
Na l 
0 2 M 
Na l 
0 3 M 
Na l 
0 4 M 
Na l 
0 5 M 
Na l 
19F NMR T1 
(ms) 
504 8 493 8 503 9 522 1 516 5 491 0 
19F NMR T2 
(ms) 
180 2 154 5 136 5 135 1 131 8 134 8 
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Figure S4-4. Fluorescence microscope images of poly(OEGMA-co-TFEA) in MCF-12A cells. The 
nuclei were stained with DAPI blue and the polymer was labeled as green.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure S4-5. Cell viability of MCF-12A cells cultured in solutions of poly(OEGMA-co-TFEA) as 
measured by a MTS viability assay after 24 hours of incubation. 
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Figure S4-6. 
19
F NMR spectrum of the poly(OEGMA-co-TFEA) copolymer in MCF-7 cell suspension. 
The 
19
F signal from the copolymer appears at ~ -73.9 ppm and the internal reference of TFA is located 
at -76.55 ppm. Cell numbers were determined using a hemocytometer cell counter. Triton lysis buffer 
(diluted in deuterium oxide) was used to lyse the cells.  
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5.1 Introduction 
 
It has been proposed that the survival rate of cancer patients can be significantly improved by early and 
accurate detection of cancerous tissue.
1
 As a key diagnostic modality, magnetic resonance imaging 
(MRI) has attracted considerable attention due to its rich information content, relatively high resolution 
(sub-millimeter), non-invasive nature and lack of radiation burden.
2-6
 Although MRI affords exquisite 
structural information, detection of abnormal pathology often requires the use of an exogenous contrast 
agent to improve the visibility of internal body structure, to fully characterize the disease process and 
for the early detection and understanding of cancer.
7-10
 
 
In the past decades, the development of MRI contrast agents (CAs) has been central to the rise of MRI 
as a leading medical diagnostic tool. Two main types of CAs have been reported in the literature, 
1
H 
relaxation agents and 
19
F imaging agents.
11,12
 The relaxation agents represent the overwhelming 
majority of MRI imaging agents currently in use or under development. These agents, while not 
directly visualized, can affect the 
1
H signals of surrounding water molecules and thus highlight 
pathological features in the diseased tissues by enhancing image contrast.
13-15
 Despite such relaxation 
agents having significantly improved MRI performance, a number of limitations remain. For example, 
the high background signal from water and the intrinsic sources of contrast in tissue often prevent the 
discrimination of diseased tissue using 
1
H relaxation agents.
16
  
 
The application of 
19
F MRI is one of the promising strategies to overcome these limitations, since the 
19
F MR signal arises only from the fluorine atoms contained within the 
19
F MRI CAs. The image of the 
fluorinated CAs can be superimposed on a high-resolution 
1
H image to identify location of the imaging 
agent.
6,17
 The 
19
F nucleus exhibits a number of attractive properties, e.g. 100 % natural abundance, high 
sensitivity (83 % relative to 
1
H), broad chemical shift dispersion (> 350 ppm) and large gyromagnetic 
ratio (40.03 MHz/T, 94 % relative to 
1
H).
18,19
 Importantly, thanks to the absence of endogenous 
19
F 
signals and to the linear relationship between 
19
F concentration and resulting signal intensity, 
quantitative imaging can be conducted.
20,21
 Thus, 
19
F MRI is considered a promising complementary 
modality to 
1
H MRI, the dominant MRI modality in routine clinic scans. 
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In order to be effective, 
19
F molecular imaging agents must embody a number of important molecular 
parameters; the CAs must have high fluorine content for high sensitivity and be active and stable in 
biological media. In addition, the 
19
F spin-spin relaxation time (T2) must be sufficiently long to ensure 
high signal-to-noise ratio (SNR) for optimal imaging; the agents should incorporate when appropriate 
multiple functionalities, including targeting ligands, complementary imaging modalities and drugs; the 
fluorine atoms must be structurally similar to minimise the dispersion of chemical shifts and prevent 
imaging artefacts.
17,22
  
 
A number of researchers have designed novel partly fluorinated polymers (PFPs) as 
19
F MRI CAs to 
meet these requirements by incorporating the fluorinated segments with other hydrophilic or functional 
segments through chemical polymerisations to maintain high mobility of 
19
F atoms and to endow 
functional diversity. In a typical study from our group, Thurecht et al.
23
 reported the synthesis of 
hyperbranched polymers (HBPs) with a 19 mol % (~ 2.5 wt %) fluorine content using 2,2,2-
trifluoroethyl acrylate (TFEA) as the source of 
19
F, ethyleneglycol dimethacrylate (EGDMA) as the 
crosslinker and oligo(ethylene glycol) methyl ether methacrylate (OEGMA) as the hydrophilic 
monomer. The 
19
F T1 and T2 relaxation times of this HBP were 420 ms and 54 ms at 16.4 T, 
respectively. The HBPs were injected into the tail vein of a mouse and can be clearly observed 
predominantly within the bladder after an injection time of 2 h. This suggests that HBPs can be 
successfully imaged in vivo and that the blood-borne polymers can be excreted by the kidneys.
24
 In 
addition, folic acid was conjugated to the HBPs for targeting purposes. In vitro and in vivo tests 
indicated that these molecules have high affinity to B16 melanoma cells and the combination of 
imaging modalities within a polymeric nanoparticle provides information on the tumour mass across 
various size scales, from millimeters down to tens of micrometers. In another study, Porsch et al.
25
 
reported the synthesis of dendritic nanoparticles using diTMP (an ATRP initiator) as the core and 
copolymers of OEGMA and 2,2,2-trifluoroethyl methacrylate (TFEMA) as the shell with a high 
fluorine content at ~8.6 wt %. The 
19
F NMR T1 and T2 were 320 ms and 5.8 ms at 9.4 T, respectively. 
A relative high SNR of ~10 was obtained for 
19
F MRI phantoms of the polymer in PBS (10 mg/ml) 
with a scan time of 10 min. Furthermore, responsive PFPs, such as pH-responsive or biodegradable 
polymers, have also been developed in our group for tumour-selective imaging by incorporating other 
functional monomers with the fluorinated segments.
26,27
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Although great progress has been achieved, PFPs still have several shortcomings. One of the biggest 
limitations is the low fluorine content of current CAs (normally below 5 wt %). Moreover, the most 
commonly-used fluorinated monomers used in the synthesis of PFPs are TFEA or TFEMA and the lack 
of choice of alternative monomers with suitable properties is another limitation. To address this novel 
fluorinated monomer
 
need to be developed for the synthesis of 
19
F MRI CAs with high fluorine content 
to achieve sufficiently high local concentrations of fluorine for effective imaging.  
 
Perfluoropolyethers (PFPEs) are a promising alternative fluorinated molecule for the preparation of 
19
F 
MRI CAs. Linear PFPEs have a simple 
19
F NMR spectrum with > 40 equivalent fluorine atoms from 
the repeat of CF2CF2O units and a major resonance located at ~ -91.5 ppm.
28-31
 PFPEs are not soluble 
in water and need to be incorporated with hydrophilic segments or to be emulsified. A number of 
researchers have reported the synthesis of PFPE-based materials for imaging applications and most of 
studies were focused on the preparation of PFPE nanoemulsions through physical methods.
28,31-33
 For 
example, Boehm-Sturm et al.
34
 reported the use of PFPE nanoemulsions for visualizing and quantifying 
specific human neural stem cells (NSCs). NSCs were labelled ex vivo and detected in vivo using 
19
F 
MRI for the clinical translation of stem cell-based therapy of the brain. The 
19
F NMR T1 and T2 
relaxation times were 280 ms and 153 ms at 11.7 T. PFPE nanoemulsions generally have much longer 
19
F T2 relaxation times, higher fluorine contents and similar 
19
F T1 as compared to the partly fluorinated 
polymers, indicating a more intense imaging signal and higher sensitivity. In light of the extremely 
high 
19
F loading, there seems to be no doubt that PFPEs are superior candidates than TFE(M)A for 
19
F 
MRI CAs. However, due to their chemical inertness, the application of PFPEs has been limited by their 
low stability in the aqueous medium and difficult in chemical modification or functionalisation. Finally, 
due to the large size of PFPE emulsions (100~250 nm), excessive retention of the agents within organs 
may occur for months or longer.
35,36
 
 
In this study, we have reported the synthesis of a novel 
19
F MRI contrast agent with high fluorine 
content using perfluoropolyethers (PFPEs) as the source of fluorine and oligo(ethylene glycol) methyl 
ether acrylate (OEGA) as the hydrophilic monomer through reversible addition-fragmentation chain-
transfer (RAFT) polymerisation. First, the monohydroxy terminated PFPEs were modified with 
(propionic acid)yl butyl trithiocarbonate (PABTC) using a standard EDCI/DMAP method to prepare a 
polymerisable macro chain-transfer agent (PABTC-PFPE macro-CTA). The RAFT polymerisation of 
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OEGA was then conducted in the presence of the PABTC-PFPE macro-CTA to obtain poly(OEGA)-
PFPE polymers. Meanwhile, statistical copolymers of OEGMA and TFEA (poly(OEGMA-co-TFEA)) 
were also prepared through RAFT polymerisation based on our previous studies.
37,38
 The structural 
characteristics, 
19
F NMR relaxation times (T1 and T2), 
19
F MR phantom images and 
19
F MRI 
performance (SNR) of the two classes of polymer were comprehensively studied and compared in 
detail. This chapter reports the first example of PFPEs-based 
19
F MRI contrast agents prepared through 
RAFT polymerisation as well as the development of PFPEs-based copolymers as a promising platform 
for use in the detection of diseases. 
 
5.2 Experimental Section 
 
5.2.1 Materials 
 
All chemicals were purchased from Sigma-Aldrich unless otherwise stated. Oligo(ethylene glycol) 
methyl ether acrylate (OEGA, Mn = 480 g/mol), oligo(ethylene glycol) methyl ether methacrylate 
(OEGMA, Mn = 475 g/mol) and 2,2,2-trifluoroethyl acrylate (TFEA) were passed through basic 
alumina columns to remove inhibitors prior to use. Monohydroxy perfluoropolyethers (PFPE-OH, 
~1650 g/mol) was supplied by  pollo Scientific Ltd, UK  2,2′-Azobis(2-methylpropionitrile) (AIBN) 
was recrystallized twice from methanol before use. The RAFT agent (propionic acid)yl butyl 
trithiocarbonate (PABTC) and 4-cyanopentanoic acid dithiobenzoate (CPADB) were synthesised 
according to a previously reported procedure.
39,40
 Milli-Q water with a resistivity of 18 4 MΩ/cm was 
used for the relevant experiments  Phosphate buffered saline (P S, 1Χ) was purchased from Thermo 
Fisher Scientific. The dialysis tubing with molecular weight cut-off (MWCO) of 2.0 or 3.5 kDa was 
purchased from Thermo Fisher Scientific Inc. and Spectrum Laboratories Inc., respectively. 
 
5.2.2 Synthesis of PABTC-PFPE Macro-CTA 
 
The PABTC-PFPE macro-CTA was prepared by the EDCI/DMAP catalyzed esterication of carboxylic 
acid from PABTC RAFT agent with PFPE-OH. A solution of N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDCI) (0.288 g, 1.50 mmol) in trifluorotoluene (TFT, 5 mL) was 
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added dropwise to a solution of PFPEs (1.7 g, 1.0 mmol), (propanoic acid)yl butyl trithiocarbonate 
(PABTC, 0.381 g, 1.60 mmol) and 4-dimethyl aminopyridine (DMAP, 0.019 g, 0.16 mmol) in TFT (10 
mL) at 0 
o
C. After complete addition, the reaction mixture was allowed to stir for 20 hours at room 
temperature. The reaction mixture was washed twice with a 1 M sodium hydroxide solution then twice 
with distilled water. The organic layer was dried over anhydrous magnesium sulphate, filtered, 
concentrated under vacuum and subjected to precipitation against methanol to remove the unreacted 
PABTC RAFT agent. The desired fraction was concentrated under vacuum to afford the product as 
yellow oil for 
1
H and 
19
F NMR studies. 
 
5.2.3 Synthesis of OEGA and PFPE Polymers through RAFT Polymerisation  
 
In a typical experiment, PABTC-PFPE macro-RAFT agent (187 mg, 0.1 mmol), OEGA (960 mg, 2 
mmol) and AIBN (3.28 mg, 0.02 mmol) were dissolved in TFT (2 ml) and sealed in a 10 ml flask fitted 
with a magnetic stirrer bar. The solution was then deoxygenated by purging thoroughly with nitrogen 
for 15 min, heated to 65 °C in an oil bath, and allowed to react for 12 h. Upon completing the reaction, 
the solution was precipitated into hexane and redissolved in THF three times. The precipitate was then 
dissolved in water and purified by dialysis (molecular weight cut-off of 2000 or 3500 Da), yielding a 
yellow viscous solid after freezer drying. Polymers with a range of compositions were prepared under 
identical conditions apart from differences in the initial feed amount of OEGA. The detailed structural 
characteristics of the polymers are summarized in Table 5-1. 
 
5.2.4 Synthesis of OEGMA and TFEA Polymers through RAFT Polymerisation  
 
The typical procedure for preparation of well-defined linear statistical poly(OEGMA-co-TFEA) via 
RAFT polymerisation is described as below. OEGMA (1.9 g, 4 mmol), TFEA (126 µl, 1 mmol), AIBN 
as initiator (3.28 mg, 0.02 mmol), and CPADB as RAFT agent (27.9 mg, 0.1 mmol) were dissolved in 
THF (5 ml) to give a [monomer]:[initiator]:[RAFT] ratio of 50:0.2:1. A 25 mL flask with the prepared 
solution was equipped with a magnetic stirrer bar and sealed with a rubber plug, and deoxygenated by 
purging thoroughly with nitrogen for 15 min before being placed in an oil bath at 65 °C for 12 h. The 
reaction solution was then placed into an ice bath and exposed to air to terminate the polymerisation. 
The crude mixture was precipitated into hexane, redissolved in THF, and re-precipitated into hexane, 
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and then purified by extensive dialysis in water (molecular weight cut-off of 3500 Da) to remove the 
low molecular species and solvent, finally yielding a pink viscous solid after freeze drying. Polymers 
with different TFEA content were prepared under the same condition by simply varying the addition 
ratio of OEGMA and TFEA. The detailed structural characteristics of the copolymers are summarized 
in Table 5-1. 
 
5.3 Characterisation 
 
5.3.1 NMR Spectroscopy 
 
1
H NMR spectra were obtained of solutions of the polymer in CDCl3 using a Bruker Avance 400 MHz 
spectrometer to analyse the conversion of monomer to polymer and the structure of the polymers. 
Solution spectra were measured under the following measurements conditions: 90
o
 pulse width 14 µs, 
relaxation delay 1 s, acquisition time 4.1 s and 32 scans. Chemical shifts are reported relative to the 
residual solvent peak. 
 
19
F NMR spectra were acquired using a Bruker Avance 400 MHz spectrometer with either CDCl3 or 
PBS/D2O (90/10, v/v) as solvent. Solution spectra were measured under the following measurements 
conditions: 90
o
 pulse width 15 µs, relaxation delay 1 s, acquisition time 0.73 s and 128 scans. 
 
19
F spin-spin relaxation times (T2) were measured using the Carr-Purcell-Meiboom-Gill (CPMG) pulse 
sequence at 310 K. The samples were dissolved in PBS/D2O (90/10, v/v) at a concentration of 20 
mg/ml. The 90
o
 pulse was determined by dividing with a 360
o
 pulse width, at which the NMR signal is 
zero. The relaxation delay was 1 s and the number of scans is 64. Only values for the major peaks are 
reported. 
 
19
F spin-lattice (T1) relaxation times were measured using the standard inversion-recovery pulse 
sequence. For each measurement, the relaxation delay was 2 s and the number of scans is 32. Only 
values for the major peaks are reported. 
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5.3.2 Magnetic Resonance Imaging (MRI) 
 
Images of phantoms containing the polymer solutions were acquired on a Bruker BioSpec 94/30 USR 
9.4 T small animal MRI scanner. Polymer solutions (20 mg/ml in PBS) were loaded in 5 mm NMR 
tubes, which were placed in a 
1
H/
19
F dual resonator 40 mm volume coil. 
1
H were acquired for 
localisation of the samples using a rapid acquisition with relaxation enhancement (RARE) sequence 
(rare factor = 16, TE = 88 ms, TR = 1500 ms, FOV = 40 × 40 mm, matrix = 128 × 128). 
19
F MRI 
images were acquired in the same stereotactic space as the 
1
H image using RARE sequence (rare factor 
= 32, TE = 11 ms, effective TE = 44 ms, TR = 1500 ms, number of averages = 128, FOV = 40 × 40 
mm, matrix = 64 × 64, measurement time = 25 minutes 36 seconds). Only images for the major peaks 
are acquired. 
 
5.3.3 Gel Permeation Chromatography (GPC) 
 
Molecular weights and molecular weight distributions were determined by GPC using a Waters 
Alliance 2690 Separations Module equipped with Waters 2414 Refractive Index (RI) Detector, Waters 
2489 UV/Visible Detector, Waters 717 Plus Autosampler and Waters 1515 Isocratic HPLC Pump. The 
samples were dissolved in THF at a known concentration (1 mg/ml) were and passed through 0.45 µm 
filters before testing. The molecular weight was calculated using polystyrene (PS) standards. 
 
5.3.4 Dynamic Light Scattering (DLS) 
 
DLS measurements were run on a Nanoseries Zetasizer (Malvern, UK) containing a 2 mW He-Ne laser 
operating at a wavelength of 633 nm. The polymer concentration was 20 mg/ml and the scattering 
angle used was 173
o
. Each test for the hydrodynamic diameter was repeated three times to provide an 
average value. 
 
5.4 Results and Discussion 
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5.4.1 Synthesis and Characterization of the Polymers 
 
The aim of this work is to study the use of PFPE modified RAFT agent for the synthesis of water 
soluble 
19
F MRI contrast agents (CAs) with high fluorine content. As illustrated in Scheme 5-1, a 
polymerisable macro chain-transfer agent was synthesized by standard EDCI/DMAP esterification 
between (propionic acid)yl butyl trithiocarbonate (PABTC) and monohydroxy PFPEs (PABTC-PFPE 
macro-CTA). Typical 
1
H NMR spectra in CDCl3 and the assignments to the spectra of the PABTC and 
PABTC-PFPE macro-CTA are shown in Figure S5-1. All peaks in the 
1
H NMR spectrum of PABTC-
PFPE macro-CTA could be assigned. Moreover, the peak located at ~ 4.6 ppm in the NMR spectrum of 
macro-CTA can be assigned to the methylene protons (–CH2) of PFPE segments, indicating the 
successful synthesis of the macro-CTA. The 
19
F NMR spectrum of the macro-CTA was also collected 
and assigned successfully as shown in Figure S5-2. The major resonance located at ~ -80 ppm is 
assigned to the CF2CF2O repeat units of PFPE segments. 
 
Scheme 5-1. Schematic illustration of the synthesis of the PABTC-PFPE macro-RAFT agent and the 
poly(OEGAn)-PFPE polymers (left) and the structure of poly(OEGMA-co-TFEA) copolymer (right).  
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The PFPE end-functionalised homopolymers of oligo(ethylene glycol) methyl ether acrylate 
(poly(OEGA)-PFPE) with different fluorine contents were then synthesized through RAFT 
polymerisation by varying the addition ratios of OEGA and PABTC-PFPE macro-RAFT agent. The 
conversion of the OEGA to polymer during the polymerisation was determined from the integrated 
intensities in the 
1
H NMR spectra of the crude samples (Figure S5-3). Typical 
1
H and 
19
F NMR spectra 
of the poly(OEGA10)-PFPE polymer in CDCl3 after purification and the assignments to the spectra are 
shown in Figure 5-1. As shown in Figure 5-1a, the methylene protons (2H, -CH2O-) adjacent to the 
ester groups of the OEGA and the hydroxyl of PFPE appear at ~4.2 ppm (H6) and ~4.6 ppm (H9), 
respectively  The peak centred at 4 84 ppm (H4‟ in the spectrum) can be assigned to the protons of the 
OEGA bonded directly to the sulfur atoms of macro-RAFT agent. Moreover, the fluorine peaks (Figure 
5-1b) were assigned successfully based on the previous reports and the integral intensities of each peak 
corresponded to the number of fluorine atoms in the chemical structure (Figure 5-1c).
30,41
 It should be 
noticed that the most intense peak corresponds to the CF2CF2O chemical group (-80 ppm, F1 in the 
spectrum), will be important for the later 
19
F MRI studies. The 
1
H and 
19
F NMR spectra of the 
poly(OEGA4)-PFPE and poly(OEGA20)-PFPE polymers are shown in Figure S5-4 in the Supporting 
Information, and indicate the successful synthesis of the poly(OEGA)n-PFPE polymers through RAFT 
polymerisation. All polymers had low molar mass dispersity (< 1.2). The detailed structural 
characteristics of the polymers are summarized in Table 5-1. 
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Figure 5-1. (a) and (b) The 
1
H and 
19
F NMR spectra in CDCl3 and assignments to the spectra of the 
poly(OEGA10)-PFPE. (c) The chemical structure of the poly(OEGA)-PFPE synthesized through RAFT 
polymerisation. 
 
Table 5-1. The detailed structural characteristics of the poly(OEGA)-PFPE and poly(OEGMA-co-
TFEA) polymers. Data are expressed as mean ± SD (n=3). 
 Conversion 
OEG(M)A 
(TFEA) (%) 
F content
a
 
(wt %) 
Mn,GPC
b
 
(g/mol) 
Mn,NMR
c
 
(g/mol) 
ÐM
b
 Dh
d
 (nm) 
Poly(OEGA4)-PFPE 88 28 5 3177 3900 1 06 8 1±0 2 
Poly(OEGA10)-PFPE 89 4 17 0 3414 6600 1 20 9 3±0 4 
Poly(OEGA20)-PFPE) 97 2 9 8 6581 11400 1 19 8 3±0 4 
Poly(OEGMA40-co-TFEA10) 92 6 
83 3 
2 7  11870 20800 1 13 4 8±0 2 
Poly(OEGMA14-co-TFEA13) 78 3 8 3 7380 8900 1 17 9 6±0 3 
5 4 3 2 1 0
H10
H7
H4' H9
H8
H6
H5H4
H3
H
2
O
H2
Chemical shift (ppm)
H1
-75 -80 -120 -130 -140 -150
F2
F4F3, F5, F6
Chemical shift (ppm)
F1(a) (b)
(c)
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52 2 
Poly(OEGMA11-co-TFEA23) 84 5 
58 4 
14 5 5400 9000 1 15 36 5±0 4 
 
a
 the weight percentage of fluorine in the samples. 
b
 Mn,GPC and ÐM were acquired by GPC RI detector. 
c
 The Mn, NMR for the poly(OEGA)-PFPE polymers were calculated by considering the peak integrals of 
the peaks due to protons H6 (2H), H9 (2H), and the RAFT agent proton H1 (3H) as shown in Figure 5-
1. The calculations for the poly(OEGMA-co-TFEA) were reported in our previous publications.
37
 
d
 Dh 
was obtained by DLS in PBS and based on the number-average values. 
 
It is well known that the high concentration and mobility of 
19
F nuclei in solution is the key to obtain a 
sharp and intense 
19
F signal thus the molecular behaviour of polymers in solution is important to be 
investigated. First of all, the hydrodynamic size of fluorinated polymers needs to be measured for 
confirmation of the formation of large molecular assembles in solution, which would cause severe 
broadening and attenuation of the 
19
F signal.
42-44
 As can be observed in Table 5-1, the hydrodynamic 
diameters (Dh) of the poly(OEGA)-PFPE polymers are all below 10 nm, indicating the molecules are in 
the form of unimers (poly(OEGA20)-PFPE) or small aggregates (poly(OEGA4)-PFPE and 
poly(OEGA10)-PFPE) in solution. Large aggregates are not formed with increasing fluorine content, 
which is important to ensure high mobility of fluorine segments and obtain sharp and intense 
19
F signal 
even at very high fluorine contents. However, the Dh of the poly(OEGMA-co-TFEA) copolymers 
increased from 4.75 nm to 36.5 nm with increasing fluorine content (from 2.7 wt % to 14.5 wt %), 
indicating that poly(OEGMA40-co-TFEA10) exist as unimers while poly(OEGMA11-co-TFEA23) forms 
aggregates in solution. Apart from the Dh, 
19
F NMR and MRI properties are also very important and 
need to be assessed before applying these polymers as 
19
F MRI CAs. 
 
5.4.2 19F NMR and MRI Properties of the Poly(OEGA)-PFPE and Poly(OEGMA-
co-TFEA) Polymers as 
19
F MRI CAs 
 
It is well established that for spin-echo MR imaging, the intensity of the MRI signal depends on the 
number of 
19
F spins, and the spin-lattice and spin-spin relaxation times (T1 and T2), as described by the 
following equation.
45
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where N(F) is the NMR detectable 
19
F nuclei, and TR and TE are the pulse sequence repetition time and 
echo delay time, respectively. The above equation informs us that high 
19
F content, long T2 and short 
T1 are required to achieve high MRI signal intensity.  
 
The fluorine contents of the polymer were listed in Table 5-2, and the calculation of the poly(OEGA)-
PFPE polymer was based on the peak of F1 (Figure 5-1b). Furthermore, the 
19
F NMR spectra and 
relaxation times (T1/T2) of the polymers were measured by dissolving the polymers in PBS/D2O (90/10, 
v/v) at a concentration of 20 mg/ml at 310 K. The 
19
F NMR spectra of the polymers were displayed in 
Figure S5-5, major peak was observed at around -81 ppm and -73 ppm for the poly(OEGA)-PFPE and 
poly(OEGMA-co-TFEA) polymers, respectively. The differences in chemical shift for the same type of 
fluorinated polymers are due to the various conformation and microenvironment of fluorinated 
segments in solution. Moreover, for the poly(OEGA)-PFPE polymers, the intensity of
 
the 
19
F NMR 
peak increased as the fluorine content was increased. However, as shown in Figure S5-5, the 
19
F NMR 
peak intensity of the poly(OEGMA-co-TFEA) copolymer with a fluorine content at 14.5 wt % is much 
lower than the one with lower fluorine content (8.3 wt %), which is due to the formation of large 
aggregations (36.5 nm) leading to the decrease of the detectability of fluorine atoms. The multi-peaks 
observed in the 
19
F NMR spectra of the poly(OEGMA-co-TFEA) copolymers are mainly due to the 
sequence distribution of OEGMA and TFEA segments. 
 
Furthermore, the 
19
F NMR relaxation times T1 and T2 of the polymers were measured and listed in 
Table 5-2. The value of 
19
F NMR T1 of both poly(OEGA)-PFPE and poly(OEGMA-co-TFEA) 
polymers are almost constant with increasing of fluorine content at approximately 400 ms and 450 ms, 
respectively. Previous studies also showed that the value of T1 was less sensitive to the changes in 
conformation and microenviroment.
26
 However, the value of T2 relaxation time is very sensitive to the 
nuclear spins and their relative mobility, parameters which are very sensitive to the polymer 
conformation. As shown in Table 5-2, the 
19
F NMR T2 of the poly(OEGA)-PFPE polymers slightly 
decreased with an increase in fluorine content. To be more specific, the poly(OEGA4)-PFPE polymer 
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has a very high fluorine content (19.3 wt % based on the peak of F1) and relative long T2 at 86.3 ms, 
which thereby, facilitate high sensitivity of 
19
F MRI phantom imaging. However, the 
19
F NMR T2 of 
the poly(OEGMA-co-TFEA) copolymers decreased dramatically from 152.1 ms to 46.8 ms with 
increasing fluorine content from 2.7 wt % to 14.5 wt %, indicating that the copolymer with higher 
fluorine content experience a decrease in mobility and an increase in association of the fluorine 
segments.  
 
Table 5-2. NMR properties of the poly(OEGA)-PFPE and the poly(OEGMA-co-TFEA)polymers in 
PBS. Data are expressed as mean ± SD (n=3). 
Samples Fluorine 
content 
(wt%)
a
 
19
F NMR T1/T2
 
(ms)
b
 
19
F 
concentration 
(M)
c
 
Image SNR
d
 
1 Poly(OEGA4)-PFPE 19.3 394.6/86.3 0.20 27.9±0 18 
2 Poly(OEGA10)-PFPE 11.5 399.4/93.8 0.12 20±0 15 
3 Poly(OEGA20)-PFPE 6.6 404.7/97.4 0.07 10.14±0 21 
4 Poly(OEGMA40-co-TFEA10) 2.7 484.2/152.1 0.028 4.0±0 25 
5 Poly(OEGMA14-co-TFEA13) 8.3 440.5/80.8 0.087 9.0±0 29 
6 Poly(OEGMA11-co-TFEA23) 14.5 441.3/46.8 0.15 5.7±0 32 
 
a
 The fluorine weight percentage of the polymers (based on the F1 in the case of the poly(OEGA)-
PFPE polymers). 
b
 The 
19
F NMR T1/T2 were tested in PBS/D2O (90/10, v/v) at 310 K. 
c
 The 
19
F 
concentration of the polymers in PBS solutions. 
d
 The image SNR was calculated from the 
19
F MRI 
images. The calculations of the fluorine weight percentage, 
19
F relaxation times and fluorine 
concentrations of the poly(OEGA)-PFPE polymers were based on the peak F1. 
 
Following the 
19
F NMR study, 
19
F MRI of the fluorinated polymers using a spin-echo pulse sequence 
were conducted in PBS at 20 mg/ml for the comparison of the imaging properties of these polymers. 
All of the acquisition parameters were kept at the same and the comparison was made on the signal-to-
noise ratio (SNR) of MR images under identical conditions. The corresponding 
1
H and 
19
F MR images 
of the polymers in PBS were shown in Figure 5-2. 
1
H RARE images (Figure 5-2a and 2c) were 
displayed on the left to illustrate the location of the NMR tubes within the resonator. All of the samples 
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can be detected successfully through 
19
F MRI and the corresponding images are shown on the right-
hand side of Figure 5-2. The most intense images were obtained for the poly(OEGA4)-PFPE polymer, 
which has the highest fluorine content (19.3 wt %), relative long 
19
F NMR T2 (86.3 ms) and small 
particle size (< 10 nm) in PBS solution.  
 
 
Figure 5-2. In vitro 
19
F MR spin-echo images of the poly(OEGA)-PFPE and poly(OEGMA-co-TFEA) 
polymers in PBS at 20 mg/ml: (a) and (b) 
1
H and 
19
F RARE images of the poly(OEGA)-PFPE 
polymers (based on the fluorine peak at F1), (c) and (d) 
1
H and 
19
F RARE images of the 
poly(OEGMA-co-TFEA) copolymers. 
 
Moreover, the SNRs calculated from the 
19
F MRI images were shown in Table 5-2 and Figure 5-3. As 
can be observed from Figure 5-3, the SNR of the poly(OEGA)-PFPE polymer increased linearly with 
increasing fluorine content, which is mainly due to the increase in fluorine content of the polymers 
because the 
19
F NMR T1 and T2 are not significantly affected with the increase of fluorine content of 
the PFPE-based polymers. The poly(OEGA20)-PFPE polymer with the lowest fluorine content (6.6 
wt %) has a SNR of ~11, which is enough to allow detection of the polymers when administered in vivo 
since the fluorine concentration in the body is almost nil.
46
 However, the SNR of the poly(OEGMA-co-
TFEA) copolymer firstly increases and then decreases as the fluorine content increases with a biggest 
SNR of 9 for poly(OEGMA14-co-TFEA13) with a moderate fluorine content a 8.3 wt %. As discussed 
above, the decreased SNR with increasing fluorine content is mainly due to the occurrence of strong 
1
2
3
4 5
6
(a) (b)
(c) (d)
1H RARE 19F RARE
1H RARE 19F RARE
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molecular association and thus the detectability of fluorine atoms is decreased, which consequently 
shorten the 
19
F NMR T2. Furthermore, the SNR of the copolymer is always smaller than that of the 
poly(OEGA)-PFPE polymer, indicating PFPEs is a better fluorine source than TFEA for the synthesis 
of fluorinated polymers as 
19
F MRI CAs. The changes of SNR with increasing fluorine content show 
that the balance between the fluorine content and the mobility/detectability of fluorine atoms is an 
important consideration for the design of 
19
F MRI CAs.  
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Figure 5-3. The SNR of 
19
F MR images of the poly(OEGA)-PFPE and poly(OEGMA-co-TFEA) 
polymers with different fluorine content. 
 
As studied above, the poly(OEGA4)-PFPE polymer has the largest SNR (~28) and is no doubt the best 
candidature as 
19
F MRI CAs. The 
19
F MRI phantom images were conducted for the poly(OEGA4)-
PFPE polymer at different concentrations from 1 mg/ml to 120 mg/ml. As shown in Figure 5-4, the 
MRI images indicate that higher concentration of fluorine in solution leads to a brighter image. From 
the right side of Figure 5-4, one can see that the SNR was directly proportional to fluorine content. 
Hence, the poly(OEGA4)-PFPE polymer is a promising quantitative tracer with high sensitivity because 
its local concentration may be conveniently calibrated with the 
19
F signal intensity.
47
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Figure 5-4. Left: In vitro 
19
F MRI phantom images of PBS solutions of the poly(OEGA4)-PFPE 
polymer at different fluorine concentrations (total volume: 300 µl). Right: Signal-to-noise ratio (SNR) 
of 
19
F MRI as a function of fluorine concentration. 
 
5.5 Conclusions  
 
In summary, we have reported the synthesis of a new 
19
F MRI contrast agent with high fluorine content 
using perfluoropolyethers (PFPEs) as the source of fluorine through RAFT polymerisation. The 
structural characteristics, 
19
F NMR relaxation times (T1 and T2), 
19
F MRI and 
19
F MRI SNR were 
studied in detail for PFPE end-functionalised homopolymer of OEGA. Long
 19
F T2 was obtained for 
the all poly(OEGA)-PFPE polymers (> 85 ms) and no obvious decrease in 
19
F T2 was observed with 
increasing fluorine content even at 28.5 wt % of fluorine. However, for the poly(OEGMA-co-TFEA) 
copolymer, the 
19
F T2 dropped dramatically with an increase of fluorine content. Interestingly, for the 
poly(OEGA)-PFPE polymers, the SNR of
 19
F MRI images increases linearly with increasing fluorine 
content while for the poly(OEGMA-co-TFEA) copolymers, the SNR starts to decrease as the fluorine 
content reaches a certain value. A comparison of 
19
F NMR and MRI properties between the 
poly(OEGA)-PFPE and poly(OEGMA-co-TFEA) polymers indicates that PFPEs are a promising 
fluorine monomer for the synthesis of highly sensitive 
19
F MRI contrast agents. Furthermore, among all 
of the polymers, poly(OEGA4)-PFPE polymer seems to be the best candidature as 
19
F MRI CAs and 
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the SNR is directly proportional to the concentration of fluorine in solution. To date this is the first 
report for the synthesis of polymeric PFPEs-based 
19
F MRI CAs and we believed that PFPEs-based 
polymers are a promising platform for the detection of disease at early stages. 
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Figure S5-1. The 
1
H NMR spectra of PABTC and PABTC-PFPE macro-CTA in CDCl3 at 25 
o
C. 
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Figure S5-2. The 
19
F NMR spectrum of PABTC-PFPE macro-CTA in CDCl3 at 25 
o
C 
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Figure S5-3. 
1
H NMR spectra of crude poly(OEGA)-PFPE polymers in CDCl3. 
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Figure S5-4. The (a) 
1
H and (b) 
19
F NMR spectra of the poly(OEGA4)-PFPE and poly(OEGA20)-PFPE 
polymers. 
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Figure S5-5. 
19
F NMR spectra of (a) the poly(OEGA)-PFPE polymers and (b) the poly(OEGMA-co-
TFEA) copolymers. 
 
 
 
 
 
 
Poly(OEGA4)-PFPE
Poly(OEGA20)-PFPE
Poly(OEGA10)-PFPE
F1
Poly(OEGMA40-co-TFEA10)
Poly(OEGMA14-co-TFEA13)
Poly(OEGMA11-co-TFEA23)
(a) 
(b) 
Chapter 6 Conformation Transitions of Thermoresponsive Dendronized Polymers across the 
Lower Critical Solution Temperature 
 
177 
 
 
 
 
 
 H PTER 6 
Conformation Transitions of Thermoresponsive 
Dendronized Polymers across the Lower Critical 
Solution Temperature 
 
 
 
 
 
 
 
 
 
 
Chapter 6 Conformation Transitions of Thermoresponsive Dendronized Polymers across the 
Lower Critical Solution Temperature 
 
178 
6.1    Introduction  
 
Thermo-responsive dendronized polymers, displaying remarkable phase behaviour, are currently being 
studied for their potential exploitation as polymeric sensors and biomaterials. Understanding the 
conformational transitions occurring at the LCST is essential for improved design and translation of 
these polymers. Recently, the use of electron paramagnetic resonance (EPR) spectroscopy for the study 
of the thermo-responsive behaviour of the dendronized polymers has become well established because 
of its high sensitivity and potential selectivity. However, the structure of the assemblies is inferred from 
the spectroscopic properties of a probe molecule and not from the behaviour of the dendronized 
molecules themselves. This provides a major motivation of the current study, in which NMR 
spectroscopic measurements and molecular dynamics (MD) simulations were employed to provide a 
more direct description of the local and collective chain packing and dynamics of the dendrons and the 
polymeric main chains at molecular scale. This aspect of my PhD research project has been published 
in the journal Macromolecules. 
 
3
Zhang, C., Peng, H., Li, W., Liu, L., Puttick, S., Reid, J., Bernardi, S., Searles, D. J. Zhang A. and 
Whittaker, A. K. Conformation Transitions of Thermoresponsive Dendronized Polymers across the 
Lower Critical Solution Temperature. Macromolecules, 2016, 49, (3), 900-908. doi: 
10.1021/acs.macromol.5b02414. 
 
6.2 Re-print of Peer-reviewed Publication 
 
 
 
 
 
 
 
 
 
3
This paper (Zhang et al., 2016) has been reproduced in my PhD thesis with permission from American Chemical Society. 
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ABSTRACT 
 
Thermoresponsive dendronized polymers, displaying remarkable phase behavior, are currently being 
studied for their potential exploitation as polymeric sensors and biomaterials. Understanding the 
conformational transitions occurring at the LCST is essential for improved design and translation of 
these polymers. The combination of NMR and molecular dynamics simulations opens a unique window 
onto the thermal behavior, showing that the peripheries of the dendrons, while driving the thermal 
properties, largely retain mobility above the critical temperature. The cores of the dendrons and the 
polymeric main chain are highly rigid below the thermal transition and increasingly so above the 
LCST. Both the experimental and computational studies reveal stretching of the interior segments of 
the dendrons with associated changes in spatial arrangements of the structural units. Furthermore, 
diffusion-ordered NMR and DLS below and above the LCST show a further hierarchy of dynamics 
within different size aggregates. The combination of the detailed experimental study and molecular 
dynamics simulations provides a detailed understanding of thermoresponsive behavior of these 
dendronized polymers.  
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INTRODUCTION 
 
Over the past several years, thermoresponsive polymers displaying a lower critical solution temperature 
(LCST) have gained much attention among researchers, for both the theoretical understanding that they 
provide and the promise of interesting applications especially as biomaterials.
1-4
 Their unique 
properties have led to the proposal of use in various sectors, such as in drug delivery,
5, 6
 as components 
in sensing devices
7, 8
 and as supports for tissue engineering.
9
  
 
Thermoresponsive dendronized polymers, in which pendant dendrons are attached at each repeat unit 
along the main chain of the polymer, have attracted particular attention.
10-12
 Their structure is a 
combination of a linear backbone surrounded by highly-branched units, and architecture which 
distinguishes dendronized polymers from conventional linear and crosslinked polymers. A large 
number of thermoresponsive dendronized polymers with different potential applications have been 
reported, however, to date these studies are mainly focused on the exploration of new synthetic 
pathways and the measurements of thermal properties. These polymers are all characterized however 
by their unusually sharp thermal transitions and so are of particular interest to the field. In the majority 
of the previous studies the phase transition behavior was examined by means of optical density 
(turbidimetry) or measurement of molecular size, most usually by dynamic light scattering (DLS). 
13-16
 
As such, the observed behavior is based on the whole molecule or is due to molecular association. 
Understanding the conformation and phase transition behavior at a molecular level is crucial for 
thermoresponsive dendronized polymers, however, such studies of these polymers in solution are still 
scarce. 
 
High-resolution NMR is a powerful technique of studying the structures and the dynamics of chain 
segments during the phase transition process of thermoresponsive polymers. In general, the changes in 
dynamics of polymer segments forming phase-separated (collapsed) globular structures above the 
lower critical solution temperature (LCST) strongly affects the NMR properties of the polymer. 
Spěváček et al  reported the use of NMR spectroscopy, and measurement of NMR relaxation times and 
diffusion coefficients to systematically investigate the coil-to-globule phase transitions of a number of 
thermoresponsive polymers in aqueous solution.
17-20
 Recently, the use of the electron paramagnetic 
resonance (EPR) spectroscopy for the study of thermoresponsive polymers has become well established 
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because of its high sensitivity and potential selectivity.
21-23
 The group of Zhang and Hinderberger have 
examined the aggregation behavior of first (G1) and second generation (G2) thermoresponsive 
dendronized polymethacrylate derivatives PG1 and PG2, by examining the EPR signature of the an 
amphiphilic free radical probe 2,2,6,6-tetra-methylpiperidine-1-oxyl (TEMPO).
24-26
 TEMPO is able to 
partition into both hydrophilic and hydrophobic environments, and provides unique spectroscopic 
signatures in such different states. In their initial study
24
 the group examined the changes in proportion 
of the signal from TEMPO in hydrophilic and hydrophobic domains as the temperature of aqueous 
solutions of the dendronized macromolecules was changed across the critical temperature. As the 
temperature was increased the proportion of the spin probe within the hydrophobic domains increased, 
reflecting the increase in the proportion of chain segments with hydrophobic character as the PEG units 
become progressively dehydrated. The magnitude of the so-called static hyperfine coupling constant at 
temperatures above the LCST indicated that the more hydrophobic domains within dendronized 
polymethacrylates containing a hydrophilic ethylene oxide core, as opposed to an aliphatic segment, 
provided a more hydrophilic environment for the entrapped spin probe. The spectra provided evidence 
of exchange of the TEMPO probe molecules between the hydrophilic and hydrophobic domains, and 
further allowed an estimate of the size of the hydrophobic domains of several nanometers. The change 
in the spectroscopic parameters at approximately 7 
o
C above the LCST was seen as evidence of a two-
stage dehydration process.  
 
In a second study Zhang and Hinderberger
25
 turned their attention to the properties of these 
dendronized macromolecules below the critical temperature. A change in line shape and apparent 
coupling constant in the EPR spectra below the LCST was seen as evidence for the presence of a small 
fraction of hydrophobic domains at temperatures below the onset of large-scale aggregation phenomena. 
Once again the complexity of the thermal transition was underlined by the observation of a two-stage 
dehydration process below the LCST. In a third paper from this group they examine the effects of 
different heating rates on the partitioning of TEMPO spin probe and the spectroscopic properties of the 
probe. The authors observed differences in the partitioning and importantly exchange of the spin probe 
for samples heated through the critical temperature at different rates, and proposed that absence of a 
repartitioning event of the probe in slow-heated solutions was due to the formation of a highly 
impermeable barrier to diffusion, such as a skin or barrier layer. They suggested a model of collapsed 
chains forming a structure having a high polymer density at the periphery.  
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Despite the evidence presented in these detailed studies the structure of the assemblies is inferred from 
the spectroscopic properties of a probe molecule, and not from the behavior of the dendronized 
molecules themselves. This provides a major motivation of the current study, in which NMR 
spectroscopic measurements and molecular dynamics simulations are employed to provide a more 
direct description of the local and collective chain packing, and dynamics of the dendrons and the 
polymeric main chains. 
 
Two-dimensional nuclear Overhauser effect spectroscopy (2D NOESY) is an alternative technique 
which can directly provide detailed spatial information on the interactions between specific segments 
of the polymers over short distances in space (typically <5 Å).
27, 28
 Hanyková et al. used 2D NOESY 
NMR to study the effects of the surfactant sodium n-dodecyl sulfate (SDS) on the phase transition of 
poly(N-isopropylacrylamide) (PNIPAM) in aqueous solution. They found that the cross-peaks between 
protons of PNIPAM and SDS disappeared above the LCST, indicating that above the LCST the 
polymer-bound surfactants were largely dissociated and expelled from the polymer chains due to 
electrostatic repulsions and steric hindrance effects.
29
 In another example, Chen et al. studied the local 
dynamics of the different hydrophobic groups in thermoresponsive isobutyramide-modified 
polyethyleneimines (HPEI-IBAm) by monitoring the NOEs as the temperature passed above the LCST. 
More pronounced hydrophobic-hydrophobic interactions were observed within the HPEI-IBAm 
macromolecules above the phase transition and it appears that the IBAm groups inside the HPEI 
structure play an important role in driving these interactions.
30
  
 
A more complete understanding of the structure and dynamics of polymers in solution can be obtained 
through a combination of the NOESY NMR techniques discussed above with molecular dynamics 
(MD) simulations.
31-33
 Specifically the molecular dynamics calculations serve to measurements of 
molecular conformations drawn from NMR correlation spectroscopy, and furthermore provide 
additional information not accessible by spectroscopy, such as more-distant correlations and whole-of-
molecule dimensions. We have previously reported the combination of 2D NOESY NMR and MD 
simulations to investigate the changes in conformation experienced by specific segments at the phase 
transition of a novel thermoresponsive copolymer of oligo(ethylene glycol) methyl ether methacrylate 
(OEGMA) and 2,2,2-trifluoroethyl acrylate (TFEA) (poly(OEGMA-co-TFEA)). The coil-to-globule 
conformation transition and the aggregation of polymer chains were observed and it was demonstrated 
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that closer association of the exterior segments of the OEGMA side chains with the TFEA units 
occurred above the LCST.
34
 The MD simulations were highly consistent with the results of the 2D 
NOESY NMR experiments and demonstrate that the combination of experimental and computational 
approaches is important for understanding of conformation occurring at the phase transition. 
 
In this current study, we examined the structure and the changes in displacement of chain segments of 
thermoresponsive dendronized polymers with attached first (PG1) and second (PG2(A)) generation 
dendrons using high-resolution NMR and molecular dynamics simulations, and supplemented with 
light scattering measurements. 
1
H 2D NOESY experiments at a range of temperatures revealed the 
conformational transitions of different chemical groups at the LCST. To gain a more complete 
understanding of the experimental results, MD simulations were performed below and above the LCST 
for a fictitious PG2(A) polymer chain comprised of four repeat units. The aggregation behavior of the 
thermoresponsive dendronized polymers was also measured by diffusion ordered spectroscopy (DOSY) 
below and above the LCST. The results allow a detailed examination of the dehydration processes of 
different moieties within dendronized polymers during the thermally-induced phase transition. 
Molecular-scale investigations using NMR techniques combined with molecular dynamics simulations 
provide a unique and informative insight into the complex aggregation behavior experienced by these 
macromolecules. 
 
EXPERIMENTAL SECTION 
 
Characterization Techniques.  
 
1
H NMR, 
13
C NMR, 
1
H correlation spectroscopy (
1
H COSY), 
1
H-
13
C heteronuclear single quantum 
coherence (
1
H-
13
C HSQC), 
1
H nuclear Overhauser effect spectroscopy (
1
H NOESY) and 
1
H diffusion-
ordered spectroscopy (
1
H DOSY) spectra were performed using conventional pulse sequences on a 
Bruker Avance 16.4 T spectrometer. Variable temperature high resolution 
1
H NMR and 
1
H NOESY 
spectra were recorded on solutions of polymer (4 mg/ml) in D2O. The solution temperature in the NMR 
probe was kept constant to within ± 0.1 
o
C and the heating rate is fixed at 2 
o
C/min.  
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Dynamic light scattering (DLS) measurements were carried out using a Nanoseries Zetasizer (Malvern, 
UK) containing a 2 mW He-Ne laser operating at a wavelength of 633 nm. The scattering angle used 
was 173
o
 and the temperature stabilized to ± 0.1 
o
C of the set temperature. Each test for the 
hydrodynamic diameter was performed two times to provide an average value.  
 
Molecular Dynamics Simulations.  
 
Fully atomistic models of PG2(A) consisting of four repeat units were created and placed in a periodic 
simulation cell which was filled with 22000 water molecules. The molecular system was built with 
chains initially in the fully extended state. The Materials Studio package was used to set up the initial 
structure and assign the force field parameters while MD simulations were carried out with the 
LAMMPS package.
35
 The force field used for the current simulations was the CVFF force field with 
the Simple Point Charge (SPC/E) water model chosen to simulate the solvent.
36, 37
  
 
Prior to data collection, the system was equilibrated in a NPT (number of molecules (N), pressure (P) 
and temperature (T) are conserved) ensemble at either 298 K or 363 K and at 1 atm pressure. A Nosé-
Hoover barostat and thermostat were used to constrain the pressure and temperature, respectively. 
Production runs were carried out for 15 ns with a time step of 1 fs.  
 
RESULTS AND DISCUSSION 
 
The aim for this study is to examine the changes in conformation of the thermoresponsive dendronized 
polymer as it passes through the volume phase transition temperature to gain insights into the 
mechanism of the LCST transitions. The unique architecture of dendronized polymer leads to a more 
complex phase transition behavior compared to that of the traditional thermoresponsive linear and 
crosslinked polymers. Previous EPR studies of the behavior at the critical temperature revealed two-
stage processes occurring both below and above the transition.
24-26
 Thus a molecular-level 
understanding of phase transition behavior is required; detailed high-resolution NMR and molecular 
dynamics simulation studies at different temperatures are therefore reported here.  
 
Structure of Thermoresponsive Dendronized Polymer.  
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The chemical structures and the corresponding structural and thermal properties of the dendronized 
polymers PG1 and PG2(A) are shown in Figure 1 and listed in Table S1. The structures of the materials 
were confirmed by 
1
H NMR, and are in agreement with results of previous studies.
24, 38
 The NMR 
spectra are complex, with closely overlapping peaks, however assignments were confirmed from the 
1
H 
and 
13
C NMR spectra, and 
1
H COSY, 
1
H TOCSY and HSQC spectroscopy (Figure S1 - S6 in 
Supporting Information). 
 
It is immediately noticeable in the 
1
H NMR spectra that the signals due to the protons located within 
the main chain are greatly attenuated for PG1 and completely absent in the spectrum of PG2(A) (Figure 
S1). For example, the peaks due to the protons of the alpha methyl group should appear from 0.8 ppm 
to 1.3 ppm.
39, 40
 The 
13
C NMR spectrum of PG2(A) in D2O was also measured and is shown in Figure 
S2. Here also peaks due to the carbons located in the main chain could not be detected. This indicates 
that the 
1
H and 
13
C nuclei must be experiencing strong dipolar couplings in solution and that these are 
greater than the modulation frequency applied during 
1
H decoupling in 
13
C NMR spectroscopy. 
However, when employing CDCl3 as solvent, the signals from the alpha methyl group do appear in 
1
H 
NMR spectrum of PG2(A).
41
 This observation shows that the main chain of PG2(A) adopts an 
extremely rigid conformation in aqueous solution, and that incompletely-averaged dipolar interactions 
broaden the peaks so that they cannot be resolved from the baseline of the NMR spectrum.  
 
The signals in the 
1
H NMR spectrum from the methylene protons of the main chain in well-solubilized 
methacrylates are expected to appear around 1.5 - 2 ppm.
34
 In the 
1
H NMR spectrum of PG2(A) 
(Figure S1b), peaks labelled as 8 and 9 do appear in this range (1.2 - 1.5 ppm), however they are 
assigned to the interior of the dendrons of PG2(A) rather than the main chain, as confirmed using 
1
H 
TOCSY and HSQC NMR experiments. As shown in the 
1
H TOCSY spectrum in Figure S5, cross 
peaks demonstrate connectivity between protons 8 and 9, as well as correlations between protons 7 (~ 
3.28 ppm) and protons 8 and 9. This leads to the conclusion that protons 7 and 8, 9 are within the same 
spin system, and that all of the protons are located in the interior of the dendrons of PG2(A) rather than 
within the main chain. As also displayed in Figure S6, the HSQC spectrum of PG2(A) shows that 
carbons 2 and 3 of the dendron interiors have correlations with protons 8 and 9, indicating that protons 
8 and 9 are coupled directly with the corresponding carbons from the interior of the dendrons. 
Chapter 6 Conformation Transitions of Thermoresponsive Dendronized Polymers across the 
Lower Critical Solution Temperature 
 
186 
 
Figure 1.  hemical structures of the thermoresponsive dendronized polymers examined in this study  
The intensity of the gray scale represents the mobility of the different segments of PG1 and PG2( ) in 
 2O inferred from integrated peak intensities in the 
1H NMR spectra  The intensity information is listed 
in Table S2 in the Supporting Information  
 
Temperature Dependence of Integrated Intensities within the 1H NMR Spectra. 
 
The dehydration process of thermoresponsive dendronized polymers during heating was examined 
using a range of techniques. The focus of the investigation was PG2(A), the dendronized 
macromolecule with the more hydrophobic core. Changes in the 
1
H NMR spectra of PG2(A) as a 
function of temperature (Figure 2b) are indicative of changes in hydration and motional properties of 
the various segments. The LCST of this polymer in aqueous solution is 304 K. As the temperature was 
increased the peaks in the 
1
H NMR spectra became increasingly broad and their intensity decreased. 
This is in contrast to the situation for solutions of polymers in good solvents, in which narrower NMR 
lines are observed as temperature is increased due to the increasing effects of motional averaging of 
conformations and residual dipolar interactions.
42
 In this system, especially above the LCST, the 
broader peaks are interpreted as resulting from dehydration of the polymer chains, which leads to 
LESS M
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attenuated motions of the polymer segments, increase strength of dipolar interactions and a decrease in 
averaging of conformations.
43, 44
 
 
The temperature dependence of the integrated intensities of peaks in the 
1
H NMR spectra was used here 
as a qualitative measure of the extent of phase separation occurring at the LCST. The change in peak 
intensity observed at different temperatures results from a proportion of the chain segments 
experiencing an extensive decrease in molecular mobility during the dehydration process. This 
decrease in mobility results in an increase in the dipolar interactions between the NMR nuclei, and 
hence a decrease in the spin-spin (T2) relaxation time. Part of the signal associated with these less 
mobile groups is no longer visible under high-resolution NMR conditions. 
 
In Figure 2c the integrated intensities of peaks due to protons 6, 8 and 9, which are all located in the 
interior of the dendrons, decrease in intensity above the LCST. The increase in intensity of peak 8 (and 
to a lesser extent the other peaks) below the LCST is likely due to increased librational motion 
resulting from the increase in thermal energy. However, even at low temperatures the integrated 
intensities are not in proportion to the number of protons in the structure and so some protons in the 
dendrons must be NMR-invisible.  
 
The integrated intensities of protons located within the periphery of the dendrons, such as protons 1, 2 
and 4 (4
a
 and 4
b
) decrease over the whole temperature range examined. This observation suggests that 
as the temperature passes above the LCST, the peripheries of OEG chains experience a decrease in 
mobility, likely due to the dehydration at the LCST. However, the interior protons experience a larger 
decrease in mobility at the LCST. Either the interior segments are less hydrated above the LCST (hence 
have reduced mobility), or association of the OEG chains on the periphery restricts motion of the whole 
dendron, and especially the segments closer to the main chain. 
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Figure 2. a)  hemical structure of PG2( )  b) 1H NMR spectra of PG2( ) in  2O at different 
temperatures from 298 K to 313 K  c)  hanges in the integrated peak intensities in the 1H NMR spectra 
of PG2( ) in  2O as a function of temperature  The peak intensities were normalized to the highest 
intensity observed for proton 2 (the most intense polymeric peak in the spectrum)  The dash line shows 
the L ST of PG2( ) in water  Peak assignments can be found in Figure S1 in the Supporting 
Information  
 
Molecular Dynamics Simulations. 
 
Molecular dynamics (MD) simulations are used here to support the conclusions drawn from NMR 
spectroscopy, and furthermore to provide information on the relative displacement of solvent molecules 
to the polymeric chains as a function of temperature. In addition the MD simulations allow 
measurement of larger scale dimensions such as the radius of gyration. These last two pieces of 
information are not accessible through the NOESY NMR experiments described below. The MD 
simulations were conducted on a short chain segment of PG2(A), i.e. four repeated units, using 
LAMMPS.
34
 Figure 3b shows the structure of the dendronized polymer after a simulation period of 13 
ns at a temperature of 298 K. During the simulation the shortest distance between the centroid of the 
protons on each terminal and proximal carbon of the OEG (periphery of dendron) and alkyl (interior of 
dendron) segments was monitored at each timestep and averaged. For the peripheral OEG segments the 
distances from protons 1 to 4a, 4b were measured, and for the interior alkyl segments from protons 6 to 
those that are closest to the inner ring were considered. Simulations were conducted at two 
temperatures: below the LCST at 298 K and well above the LCST at 363 K. Below the LCST the 
average distances for the peripheral and interior segments were 5.96 Å and 3.70 Å, respectively. This 
suggests that the OEG segments have the potential to fold upon themselves in the aqueous 
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environment. At 363 K the distance between these protons decreased to 5.85 Å. This decrease in end-
to-end distance of the peripheral OEG units above the LCST is expected for pendant OEG chains 
passing above the phase transition and, together with the decrease in NMR intensity (Figure 2) for 
protons 1 and 2 indicate only a moderate change in the motional state of these segments during this 
slight densification. However the behavior of the interior alkyl segments is quite different, with an 
increase in the terminal-to-proximal distance to 4.50 Å, indicative of chain stretching. The dramatic 
decreases in observable NMR signal for the relevant protons (protons 6 and 9) indicate that this 
stretching is accompanied by a decrease in mobility. In order to compare our results with the 
experimental data, our calculations were not restricted to intra-chain distances, but averaged over the 
nearest proton group even if it was an inter-chain contribution. Finally it was noted that for the 
peripheral OEG segments, the shortest terminal-to-proximal distances were usually (71 %) inter-chain 
distances, with just 29 % of the shortest distances from protons 1 to 4a, 4b arising from the same sub-
chain.  
 
A central assumption in this work is that changes in mobility of the different segments within the 
periphery and interior of the dendrons as the temperature is increased above the LCST are the result of 
the dehydration processes. The MD simulations allow calculation of the pair distribution function g(r) 
of the OEG oxygen atoms and hydrogen atoms of H2O (Figure 3c). The values of g(r) were calculated 
over the last 5-13 ns of the simulations after the system had reached equilibrium, and are shown in 
Figure 3c. The first peak in g(r) is due to the nearest neighbor water molecules associated with the 
OEG segments. Above the LCST the intensity of the peak, i.e. the number of water molecules at that 
position, is decreased significantly, and that the periphery experiences a decrease of just over 15 %, but 
the interior shows a decrease over 60 %. The marked decrease in the intensity of the first peak in g(r) at 
the interior indicates that these segments experience more significant dehydration compared with the 
periphery. It follows that the dramatic decreases in NMR signal above the LCST (Figure 2) are a result 
of reduced segmental mobility resulting from the dehydration. These observations are also supported 
by the information obtained from the multi-dimensional NMR experiments described below. The 
radius of gyration of PG2(A) in water at 298 K and 363 K was also calculated (Figure S8), the Rg at 
298 K is slightly bigger than that at 363 K above the LCST(13.13 Å as compared to 12.96 Å), which is 
due to the dehydration process at high temperature.  
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Figure 3. a) The chemical structure of PG2( ) in this study   ll oxygen atoms in the periphery are 
labelled in blue (and as O1 in Figure 3c)) and the interior oxygens in red (labelled as O2)  b)   
snapshot of four repeat units of PG2( ) constructed for this study  The figure shows a representative 
conformation produced after 13 ns simulation using L MMPS in water at 298 K  c) The pair 
distribution functions between the oxygen atoms in PG2( ) (O1: periphery and O2: interior) and 
hydrogen atoms of H2O at 298 K and 363 K, respectively below and above the L ST, showing the 
peak corresponding to the first hydration sphere  The heights of the peaks reflect the relative degree of 
hydration of the oxygen with location and temperature, showing significantly less water in the interior, 
and a more significant decrease in hydration within the interior of the dendrons above the L ST  
 
Study of Polymer Conformation Using Correlation Spectroscopy.  
 
In order to further understand the changes in local conformation occurring in the interior and periphery 
of the dendronized polymer, nuclear Overhauser effect spectroscopy (NOESY) NMR was conducted at 
different temperatures. NOESY NMR is a powerful technique for determining relative displacements 
of nuclei through space, typically over distances smaller than 5 Å. By appropriate selection of a 
distance standard and measurement of the relative integrated intensities of cross peaks, the distance 
between nuclei can be estimated.  
 
NOEs can often be small or zero, and so the appropriate choice of mixing time is a critical step in 
obtaining NOESY spectra. To determine the conditions under which the intensities of the cross peaks 
can be compared, 1D NOESY spectra were measured at different mixing times after excitation of 
protons 1 in the spectra of PG1 and PG2(A). A plot the intensity of the individual peaks 4 and 5 for 
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PG1 and peaks 4 (both 4a and 4b) and 5 for PG2(A) against mixing time leads to the NOE build-up 
curves shown in Figure S9. It is clear that a mixing time of 80 ms provides a high signal intensity and is 
in the linear region of the build-up curve, thus ensuring that the signal intensity is a function of the 
inter-nuclear distance. 
 
An additional assumption implicit in these experiments is that the effects of molecular motion on the 
dipolar couplings responsible for the NOE are approximately constant across the repeat units of the 
molecule. This is a common assumption in the analysis of conformations within globular proteins for 
example. Measurements of 
13
C T1 relaxation times at two temperatures close to but below the LCST 
suggest that the dynamics of the chains do not change appreciably across that temperature range (see 
Table S3 in the supporting information). Note that the NOESY signal between various proton pairs is 
generated from both intra- and inter-chain interactions, with likely a significant contribution from inter-
chain interactions, according to the distances calculated from the MD simulations. 
 
The NOESY spectra were measured at four different temperatures (298 K, 301 K, 303 K and 305 K) 
using a mixing time of 80 ms (See Figure S10 for representative NOESY spectra of PG1 and PG2(A) at 
298 K). The distance between protons 3 and 4 (1.79 Å, average inter-nuclear distance in trans and cis 
conformations) was used as an internal reference. The distances between specific protons could then be 
calculated (the NOESY cross peak intensity is proportional to r
-6
, where r is the inter-nuclear distance) 
and are comparable at a given temperature.
45
 The calculated distances between various proton pairs at 
different temperatures are listed in Table S4 and S5 and plotted in Figure 4. 
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Figure 4. a) and b) The chemical structure of PG1 and PG2( ) and the correlations measured by 
NOES  NMR measurements  c) and d) The calculated distances between different proton pairs in PG1 
(Figure 4c) and PG2( ) (Figure 4d) as a function of temperature, calculated from the NOES  spectra 
and assuming a constant inter-nuclear distance of 1 79 Å between protons 3 and 4 (4a and 4b)  The 
vertical line shows the L ST determined at a constant heating rate of 0 2 o /min  For the NMR 
measurements the heating rate was 2 o/min and temperature was maintained at the designated 
temperature for 20 minutes prior to measurement  
 
The results of the NOESY measurements of PG1, shown in Figure 4c, demonstrate that the distances 
between protons 1 and 4, and protons 1 and 5 diminished as the temperature was increased above the 
LCST, consistent with a collapse and aggregation of the OEG chains. The situation was more complex 
in the case of PG2(A), the macromolecule with the larger dendrons. As shown in Figure 4d, there was a 
relatively small change in the separation of protons 6 and 8, and between 6 and 9 below the LCST, but 
an apparent increase in separation above the LCST. This indicates that the interior alkyl segments of 
the dendron do not experience large changes in conformation with temperature below the LCST. This 
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may be expected due to these groups being attached at either end to a rigid polymer backbone and a 
large branched structure, i.e. the periphery of the dendron.  
 
It is also notable in Figure 4d that the distance between protons 1 and 4 (4a and 4b) in PG2(A), which 
are located at either end of the OEG chain in the periphery, decreases slightly below the LCST and then 
further decreases at 305 K (LCST ~ 304 K). This decrease is likely due to the aggregation of the 
peripheries of the dendrons. The effective NOESY internuclear distance could also be determined from 
the MD simulations by weighting the distances by r
-6
 for each interaction. Due to the flexibility of the 
molecules this averaging results in significantly lower values than the direct averaging of the distances 
reported above. The simulations show that the distance between protons 1 and 4 decreases from 2.99 Å 
to 2.89 Å on an increase in temperature and the distance between protons 6 and 9 remain roughly 
constant from 2.86 Å to 2.87 Å. These trends are consistent with the results from the NOESY 
experiments. 
 
The changes in distance between the interior and peripheral segments of PG2(A) can be determined by 
measurements of distances between protons 1 and 8. Protons 1 are the terminal methyl protons and 
protons 8 are methylene protons in the interior of the dendrons. Below the LCST, the distance between 
protons 1 and 8 decreases as the temperature increases. Notably, as the temperature reached 305 K 
(LCST ~304 K), there is no NOE signal between protons 1 and 8. This may be due to aggregation of 
the peripheral segments above the LCST, leading to a larger distance between the terminal methyl 
groups and the interior segments. On the other hand, the distance between protons 4 and 8 is relatively 
constant during the whole heating process, indicating that the conformation of the -O-CH2- groups near 
the aromatic rings is relatively constant.  
 
DLS measurements were also conducted for PG2(A) to obtain the particle size distribution in solution, 
to aid in understanding the NOESY experiments and MD simulation results described above. As shown 
in Figure S11 below the LCST, the polymer chains most likely exist as unimers in solution (the 
polymer size is around 20 nm). The polymer size decreased slightly as the temperature was increased, 
consistent with the NOESY results that the distances of protons located between periphery and interior 
segments are dropping below the LCST, which is mainly due to the decrease in separation between 
protons 1 and 4. This leads to a conclusion that as the temperature increases the interactions among 
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peripheral OEG segments are enhanced and that the OEG chains either fold back upon themselves, 
and/or experience interdigitation with segments on neighboring dendrons. This result is consistent with 
the previous study of Zhang and Hinderberger who identified the formation of hydrophobic domains 
using EPR spectroscopy of probe molecules below the critical temperature.
25
 Above the LCST, the 
particle size increases to more than 300 nm, due to aggregation of polymer chains, driving the further 
decrease of inter-nuclear distances in the periphery. Note that at temperatures above the LCST, the 
NOESY signal is generated from protons in both intra- and inter-molecular segments.  
 
Aggregation Behavior Study Using DOSY NMR. 
 
Diffusion-ordered spectroscopy (DOSY) is a powerful method for characterizing the size of molecules 
in solution. DOSY NMR provides a method to separate peaks in the NMR spectrum of different 
compounds in a mixture based on differences in the translational diffusion coefficients, and therefore 
differences in the size and shape of the molecule, as well as physical properties of the surrounding 
environment such as viscosity, temperature, etc. 
 
DOSY NMR spectra of PG2(A) are shown plotted as contour plots in Figure 5. The x-axis of the plots 
shows the 
1
H NMR spectrum, while the y-axis displays the diffusion coefficient. Below the LCST (298 
K) (Figure 5a) all peaks in the DOSY NMR spectra of the dendronized polymers displays similar 
diffusion coefficients. However, when the temperature is raised above the LCST (305 K), the situation 
changes abruptly as spectra of the dendronized polymers display a range of different diffusion 
coefficients. This indicates that aggregates of different size are forming above the LCST, and that there 
are differences in the mobility of segments within the dendrons comprising these aggregates. 
 
The average sizes of the polymers and aggregates of the polymers can be calculated using the Stokes-
Einstein equation and the results are shown in Table S7. Below the LCST (298 K) PG2(A) has a 
diffusion coefficient ~ 2.5 x 10
-11
 m
2
 s
-1
 and hence has a polymer size of approximately 19 nm. Above 
the LCST the average diffusion coefficient for the aggregates in which the aromatic peaks (peak 5 at 
6.5 ppm) are visible in the DOSY NMR spectrum is around 7 x 10
-11
 m
2
 s
-1
. This corresponds to a 
collapsed polymer of hydrodynamic diameter of approximately 8.3 nm. Obviously all of the aggregates 
include this chemical structure, however it is apparent that in larger aggregates the aromatic groups are 
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not sufficiently mobile to be observed by 
1
H NMR. This decrease in particle size is consistent with a 
coil-to-globules transition in the very diluted solution for the thermoresponsive polymers as reported 
previously.
46
 Similarly, the peaks due to the more mobile groups (1, 2 and 4) which diminish only 
slightly in intensity above the LCST have a diffusion coefficient in the DOSY NMR spectrum of 2 - 
3.6 x 10
-11
 m
2
 s
-1
, or hydrodynamic diameters of 16 - 28 nm. These sizes are broadly consistent with the 
conclusions of the previous work of Zhang and Hinderberger, in their study of exchange of TEMPO 
free radical probe between hydrophobic and hydrophilic domains.
24
 The NMR results however 
demonstrate that above the LCST aggregates of different size and mobility are formed. Recall that the 
NMR intensities of different protons in the structure decrease to different extents as the temperature is 
raised (Figure 1, S1 and Table S2). The smaller aggregates observed in the DOSY NMR measurements 
are apparently less tightly packed, and so motion of groups closer to the polymer backbone remains 
less constrained. Thus the average size of aggregates for which the phenyl rings are visible in the NMR 
spectrum is smaller than for aggregates in which only the periphery is observed (the larger aggregates).  
Similar conclusions were drawn from the DOSY NMR measurements of PG1 at 298 K and 308 K, 
although the changes above the LCST are less pronounced than for PG2(A) (See Figure S12 and Table 
S6). 
 
Figure 5.  OS  spectra of PG2( ) in  2O at a) 298 K and b) 305 K below and above the L ST  The 
1H NMR spectrum is displayed in x-axis and the diffusion coefficient in the vertical axis    range of 
different diffusion coefficients was observed, indicating the presence of aggregates of different size and 
mobility above the L ST  
 
 
a)
log(m2/s)
1.01.52.02.53.03.54.04.55.05.56.06.5 ppm
-8.0
-8.5
-9.0
-9.5
-10.0
-10.5
-11.0
-11.5
-12.0
-12.5
b)
Chapter 6 Conformation Transitions of Thermoresponsive Dendronized Polymers across the 
Lower Critical Solution Temperature 
 
196 
CONCLUSIONS 
 
The changes in conformation and mobility of different moieties within the dendronized methacrylate 
polymers during the thermally-induced phase transition were investigated using experimental 
techniques and MD simulations. At all temperatures the main chain of PG2(A) is rigid in aqueous 
solution and does not contribute to the 1D NMR spectra. Below the LCST, the interior segments of the 
dendrons, as opposed to those in the periphery, experience a relative increase in mobility as the 
temperature is increased. As the temperature passes above the LCST, the interior protons experience a 
larger decrease in mobility than peripheral protons, indicating the interior protons are less hydrated or 
are restricted by the association of peripheral OEG segments. The experimental and MD simulation 
results indicate that below the LCST the polymer chains most likely exist as unimers in solution and 
the OEG segments in the periphery interact more strongly as the temperature is increased. Above the 
LCST, extension of the interior alkyl segments is observed, while the OEG chains from both the same 
and adjacent dendron units aggregate to drive the formation of larger particles. Furthermore, above the 
LCST, the formation of aggregates having different size and mobility are likely initiated by the 
association of OEG chains in the periphery. In final summary, the combined experimental and MD 
simulation study of the phase transition of these dendronized polymer leads to a clearer understanding 
of the nature of the phase transition as the temperature passes the LCST. 
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Experimental Section 
 
Materials and Polymer Synthesis 
 
Materials and the method of synthesis of the dendronized polymer (PG1 and PG2(A)) have been 
reported previously.
1, 2
  
 
Peak assignments based on NMR spectroscopy  
 
1D
 
NMR spectra 
 
The 
1
H NMR spectra with water presaturation were obtained using a Bruker Avance 700 MHz 
spectrometer at 298 K (Figure S1) using the Bruker zg30 pulse program with the following parameters: 
a total of 64 k data points were acquired with a spectral width of 8000 Hz, the 90 
o
 pulse width was 
8.08 µs, relaxation delay was 3 s, acquisition time was 1.8 s and 8 scans were acquired. 
 
The solution-state 
13
C NMR spectra were conducted on the same spectrometer and shown in Figure S2 
using the Bruker zgpg program with the following parameters: a total of 73 k data points were acquired 
with a spectral width of 44000 Hz, the 90 
o
 pulse width was 11.9 µs, relaxation delay was 4 s, 
acquisition time was 0.85 s and 1024 scans were conducted. The concentration of the solutions for the 
1
H and 
13
C NMR spectroscopy was 4 mg/ml in D2O. Chemical shifts are reported relative to the 
residual solvent peak. 
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Figure S1. The 
1
H NMR spectra and corresponding peak assignments of a) PG1 and b) PG2(A) in D2O 
at 298 K acquired at 700 MHz with water presaturation. 
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Figure S2. The 
13
C NMR spectra and corresponding peak assignments of a) PG1 and b) PG2(A) in 
D2O at 298 K. 
Chapter 6 Conformation Transitions of Thermoresponsive Dendronized Polymers across the 
Lower Critical Solution Temperature 
 
203 
2D NMR Spectra 
 
All 2D NMR spectra obtained in this study were collected on a Bruker 700 MHz spectrometer.  
 
I. Correlation spectroscopy (1H-1H COSY) was used to identify spins that are coupled (J-coupling) to 
each other through bonding. The 
1
H-
1
H COSY spectra with water presaturation of the residual 
water peak were acquired at 1 s relaxation delay and eight scans. The 90 
o
 pulse width was 8.3 µs 
and the power level for pulse was -8.0 dBW. The size of fid of F1 and F2 was 700 and 4096 points. 
F1 was linear predicted to 1024 points using forward linear prediction with 32 coefficients. The 
QSINE was used as the window function with no sine bell shift. 
 
II. Total correlation spectroscopy (1H-1H TOCSY) creates correlations between all protons within a 
given spin system, not just between geminal and vicinal protons as in COSY. The mixing time used 
in TOCSY experiment was 80 ms. The 90 
o
 pulse width was 8 µs, the power level for pulse was -
9.82 dBW and the relaxation delay was 2 s. The size of fid of F1 and F2 was 512 and 4096 points 
without linear prediction. The QSINE was used as the window function with sine bell shift at 2. 
 
 
III. Heteronuclear single quantum coherence (1H-13C HSQC) spectra were acquired with a relaxation 
delay of 1.5 s and spectral widths of 9107 Hz in the 
1
H dimension and 28184 Hz in the 
13
C 
dimension. Eight scans were collected. The size of fid of F1 and F2 was 300 and 2024 points. The F1 
direction was linear predicted to 1024. The 90 
o
 pulse width was 8.07 µs, the power level for pulse 
was -9.82 dBW. The QSINE was used as the window function with sine bell shift at 2. 
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Figure S3. a) 
1
H-
1
H COSY and b) 
1
H-
1
H TOCSY spectra of PG1 in D2O at 298 K.  
 
 
 
 
 
 
 
 
 
 
 
b) 
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Figure S4. a) 
1
H-
1
H COSY and b) 
1
H-
1
H TOCSY spectra of PG2(A) in D2O at 298 K.  
 
 
 
 
 
 
 
 
 
b) 
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Figure S5. The high resolution 2D 
1
H TOCSY spectrum of PG2(A) in D2O at 298 K measured at 700 
MHz. This leads to the conclusion that protons 7 and 8, 9 are within the same spin system, and that all 
of the protons are located in the interior of the dendrons of PG2(A) rather than within the main chain. 
 
Chapter 6 Conformation Transitions of Thermoresponsive Dendronized Polymers across the 
Lower Critical Solution Temperature 
 
209 
 
Figure S6. The heteronuclear single quantum coherence (HSQC) spectrum of PG2(A). The red circle 
shows that protons 2 and 3 are coupled with the corresponding carbons in the interior of the dendrons 
of PG2(A). The red circle showed the interior carbons had the correlation with the corresponding 
hydrogen. 
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Variable Temperature 
1
H NMR  
 
Variable temperature high resolution 
1
H NMR spectra were recorded on a Bruker Avance 700 MHz 
spectrometer using D2O as solvent. The concentration of the polymer was 4 mg/ml and the solution 
temperature was kept constant to within ± 0.1 
o
C.  
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Figure S7. Temperature-dependent high resolution 
1
H NMR spectra of PG1 in D2O, recorded at 700 
MHz. 
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Molecular Dynamics Simulations 
 
22000 water molecules were used to solvate four repeated units of PG2(A) at 298 K and 1 atm. 
Packmol 
3
 and Material Studio (Accelrys Inc. Materials Studio 5.5) were used to build the structure and 
LAMMPS 
4
 to carry out the simulations. Interactions were treated using the consistent valence force 
field (CVFF) 
5
. Long-range electrostatic interactions were computed using the particle-particle particle-
mesh (pppm) method as implemented in LAMMPS. An equilibration run of 4 ns was followed by ~13 
ns of production run during which, sampling of relevant data occurred every 1 ps. 
0 2 4 6 8 10 12
12.4
12.8
13.2
13.6
14.0
 
 
R
a
d
iu
s
 o
f 
G
y
ra
ti
o
n
 (
Å
)
Timestep (ns)
 298 K
 363 K
 
Figure S8. Radius of gyration of PG2(A) (4 units) in water at 298 K and 363 K, respectively, during 
the ~13 ns simulation. The average Rg is 13.13 Å and 12.96 Å at 298K and 363 K (5-13 ns), 
respectively.  
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1
H-
1
H NOESY Experiments 
The 2D NOESY spectra were acquired with the standard pulse program (90
o
-t1-90
o
-tm-90
o
-acquisition). 
The NOESY program was run with an 11.2 µs 90 
o
 pulse, -9.82 dBW power level for pulse, a 3 s 
relaxation delay, and a 9.1 kHz spectral window. The size of fid was 700 and 4096 for F1 and F2, 
respectively. F1 was linear predicted to 1024 points. The FID was treated by shifted sine bell (SSB=2) 
weighting functions in both dimensions.  
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Figure S9. 
1
H NOESY build-up curves for a) PG1 and b) PG2(A). Peak 1 of PG1 and PG2(A) was 
used as the excitation peak in both cases.  
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Figure S10. Representative 
1
H NOESY spectra of a) PG1 and b) PG2(A) at 298 K with a mixing time 
at 80 ms. 
 
a) 
b) 
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Dynamic Light Scattering (DLS)  
 
Dynamic light scattering (DLS) measurements were carried out using a Nanoseries Zetasizer (Malvern, 
UK) containing a 2 mW He-Ne laser operating at a wavelength of 633 nm. The scattering angle used 
was 173
o
 and the temperature stabilized to ± 0.1 
o
C of the set temperature. Each test for the 
hydrodynamic diameter was repeated two times to provide an average value. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S11. Results of DLS measurements of PG1 a) and c) and PG2(A) b) and d). 
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Diffusion-Ordered Spectroscopy (DOSY) NMR 
  
Solution-state NMR spectra were obtained on a Bruker Avance 700 MHz instrument operating at a 
proton frequency of 700.47 MHz with 2 s relaxation delay and 16 scans. The 90 
o
 pulse width was 8.3 
µs, the power level for pulse was -9.54 dBW and the spectral width was 9.1 kHz. The size of fid of F1 
and F2 was 16 and 16 k points without linear prediction. The SINE was used as the F1 window function 
and the F2 window function was used EM with sine bell shift at 2. The spectra were analysed by Bruker 
Topspin to obtain the diffusion coefficients of each peak. Subsequently the Stokes-Einstein equation is 
used to calculate the corresponding particle size. The results are shown in Table S6 and S7.  
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Figure S12. DOSY spectra of PG1 in D2O (0.4 wt %) at a) 298 K and b) 308 K. 
 
 
 
 
a) 
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Table S1. Details of the PG1 and PG2(A) used in this study. 
Polymers LCST (K)
[a]
 Mn, GPC X 10
-5
 (g/mol)
[b]
 DPn
[b]
 ÐM
[b]
 
PG1 306 3.0 426 3.97 
PG2(A) 304 0.4 15 1.7 
[a]
 the LCST was determined by UV-Vis. 
[b]
 Mn, DPn and ÐM were all determined by GPC.  
 
Table S2. The normalized integrated intensity of each peak in 1H NMR spectra of PG1 and PG2( ) 
determined using PE KFIT  
PG1        
Protons 1 2 3 4 5 6  
Number of protons 9 30 6 6 2 3  
Integrated intensity 120.62 367.97 43.33 35.97 6.85 5.1  
Normalized 
integrated intensity 
13.4 12.27 7.22 6.00 3.43 1.7  
Setting proton 1 as 
reference 
1.00 0.92 0.54 0.45 0.26 0.13  
Chemical shift 
(ppm) 
0.843-
1.32 
3.2-
3.66 
3.66-
3.83 
3.89-
4.21 
6.25-
6.86 
0.16-
0.83 
 
PG2(A)        
Protons 1 2+3 4 5 6 7 9 
Number of protons 9 12 24 6 6 2 2 
Integrated intensity 97.95 101.48 339.68 58.46 56.16 14 12.94 
Normalized 
integrated intensity 
10.88 8.46 14.15 9.74 9.36 7 6.47 
Setting proton 1 as 
reference 
1.00 0.78 1.30 0.90 0.86 0.64 0.59 
Chemical shift 
(ppm) 
0.87-1.1 1.12-
1.787 
3.03-
3.64 
3.64-
3.814 
3.814-
4.07 
4.14-
4.33 
6.18-
6.586 
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Table S3. 
13
C T1 relaxation times in seconds of PG2(A) in D2O at 298 K and 303 K
[a]
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
T Peak 1
[b]
 Peak 2 Peak 3 Peak 4a Peak 4b Peak 5 
298 K 2.19 0.3 0.3 0.94 0.34 1.91 
303 K 1.87 0.27 0.3 0.99 0.35 1.96 
[a]
 The 
13
C T1 relaxation times were measured using the inverse recovery 
method. 
[b]
 The peak assignments to the 
13
C NMR spectrum are shown in 
Figure S2.  
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Table S4. The calculated inter-nuclear distances (in angstroms) in PG1 at different temperatures, 
calculated from the NOESY spectra and assuming an inter-nuclear distance between protons 3 and 4 of 
1.79 Å. 
298 K 1 3 4 5 6 
1  2.67 2.57 2.83 3.07 
3   1.79 2.39 2.83 
4    1.98 2.55 
5     2.82 
6      
       
303 K 1 3 4 5 6 
1  2.58 2.51 2.65 - 
3   1.79 2.39 3.03 
4    1.98 2.68 
5     2.73 
6      
       
305 K 1 3 4 5 6 
1  2.50 2.38 2.70 - 
3   1.79 2.43 3.07 
4    2.02 2.64 
5     2.77 
6      
       
308 K 1 3 4 5 6 
1  1.70 1.81 1.96 - 
3   1.79 2.58 3.04 
4    2.58 3.00 
5     - 
6      
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Table S5. The calculated inter-nuclear distances (in angstroms) of PG2(A) at different temperatures, 
calculated from the NOESY spectra and assuming an internuclear distance between protons 5 and 6 of 
1.79 Å. 
T=298K                     
Peaks 1 2 3 4a 5 6a 7 8 9 10 
1   2.97 3.19 3.09 2.71 2.53 2.86 4.66 2.92 3.95 
2    2.00 2.24 2.32 2.19 2.67 3.94 2.47 3.50 
3     2.38 2.38 2.54 2.75 4.13 2.78 3.74 
4a      2.95 2.89 2.57 - 2.84 - 
5       1.79 2.81 4.08 2.49 3.69 
6a        2.81 - 2.02 2.94 
7         - 2.41 - 
8          - 4.09 
9           - 
10            
T=301 K            
Peaks 1 2 3 4a 5 6a 7 8 9 10 
1   2.42 2.79 2.98 2.54 2.54 3.09 - 2.95 3.62 
2    1.97 2.12 2.27 2.19 2.64 3.52 2.35 3.21 
3     2.34 2.80 2.45 2.85 3.98 2.72 4.02 
4a      - 2.69 2.33 - 2.77 4.41 
5       1.79 2.40 3.75 2.44 3.27 
6a        2.72 3.89 1.90 2.73 
7         - 2.38 - 
8          - 3.71 
9           - 
10            
T=303 K            
Peaks 1 2 3 4a 5 6a 7 8 9 10 
1   2.23 - 4.37 2.52 2.37 3.01 - 2.97 3.94 
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2    1.84 2.17 2.23 2.15 2.64 3.40 2.37 3.20 
3     2.42 2.57 2.63 2.85 3.83 2.72 4.09 
4a      - 2.80 2.37 - 2.72 - 
5       1.79 2.69 - 2.46 3.52 
6a        2.38 4.39 1.94 2.93 
7         - 2.49 - 
8          - 3.63 
9           - 
10            
T=305 K            
Peaks 1 2 3 4a 5 6a 7 8 9 10 
1   - - - 1.71 1.72 - - 2.06 - 
2    2.17 - 2.14 2.11 3.06 - 2.53 - 
3     - 2.21 2.35 3.25 - 2.75 - 
4a      - - - - - - 
5       1.79 3.26 - 2.93 - 
6a        2.57 - 2.10 3.18 
7         - 2.60 2.57 
8          - - 
9           5.35 
10            
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Table S6. Diffusion coefficients and calculated molecular sizes of PG1 at 298 K and 308 K. 
 
 
 
 
 
 
 
 
 
 
 
Table S7. Diffusion coefficients and calculated molecular sizes of PG2(A) at 298 K and 305 K. 
 Peak → 
  T (K) ↓ 
1 2 3 4a,4b 5 
Chemical shift (ppm)  1.02 3.37 3.49 3.98 6.45 
Diffusion Coefficient 
(10
11
, m
2
/s) 
298 2.49 2.5 2.4 2.9 2.9 
305 3.05 2.1 3.6 3.6 7.0 
Molecular size (nm) 298 19.6 19.6 20.3 16.8 16.8 
305 19.1 27.7 16.2 16.2 8.3 
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(2) Junk, M. J. N.; Li, W.; Schlüter, A. D.; Wegner, G.; Spiess, H. W.; Zhang, A.; Hinderberger, D. 
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(3) Martínez, L.; Andrade, R.; Birgin, E. G.; Martínez, J. M. J. Comput. Chem. 2009, 30, (13), 2157-
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P oteins   St uct, Funct, Genet 1988, 4, (1), 31-47. 
 
 Peak → 
T (K)  ↓ 
1 2 3 4 5 
Chemical shift (ppm)  1.04 3.45 3.71 4.03 6.58 
Diffusion Coefficient 
(10
11
, m
2
/s) 
298 1.28 1.16 1.25 1.15 1.15 
308 0.28 0.17 -- -- -- 
Molecular size (nm) 298 38.2 42.2 39.1 42.5 42.5 
308 222.74 366.9 -- -- -- 
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7.1 Conclusions 
 
This thesis focuses on the design, synthesis, characterization and evaluation of novel stimuli-responsive 
polymers as 
19
F MRI contrast agents (CAs). The development of highly sensitive responsive CAs is 
crucial for the early detection and understanding of cancer to improve the survival rate and quality of 
life of cancer patients. In addition, a molecular level understanding of the behaviour of responsive MRI 
CAs is important for the development of effective molecular imaging agents. Therefore, this thesis 
aimed to develop novel partly fluorinated polymers with stimuli-responsive properties and improved 
sensitivity from both the fundamental and the applied perspectives, and ultimately build a molecular-
level understanding of the responsive behaviour of 
19
F MRI agents to external stimuli. 
 
The initial work was started by the synthesis of a novel thermo- and ion-responsive fluorinated 
copolymer of OEGMA and TFEA through RAFT polymerization using OEGMA as hydrophilic units 
and TFEA as hydrophobic units and source of fluorine atoms for the study of its responsive behaviour. 
This work is described in detail in Chapter 2. Reactivity ratios for the copolymerization of OEGMA 
and TFEA were found to be 2.46 and 0.22, respectively, indicating that OEGMA is incorporated more 
rapidly than TFEA during the copolymerization. The LCST and aggregation behaviour was examined 
in water and in salt solution by DLS and turbidimetry, while the local conformation and dynamics was 
studied using solution-state NMR methods, indicating that dissolved salts play an important role in 
determining the phase transition behaviour of the responsive poly(OEGMA-co-TFEA) copolymers. In 
addition, the temperature of the LCST decreased linearly with the weight fraction of the hydrophobic 
TFEA segments. The NMR studies revealed that the motions of protons located in and near the 
hydrophobic main chain were more sensitive to temperature in salt solution than motions of the protons 
in the hydrophilic OEGMA side chains. The disappearance of a fraction of the NMR signal with 
increasing temperature shows that a proportion of the chains segments become significantly 
immobilized and therefore is no longer visible. 
 
A molecular level understanding of the conformational behaviour of responsive fluorinated polymers in 
aqueous solution is crucial for the design of 
19
F MRI contrast agents. Therefore, in Chapter 3, a 
combination of experimental techniques and molecular dynamics (MD) simulations was applied to the 
study of thermo-responsive copolymers of OEGMA and TFEA. Firstly, the detailed chemical micro-
structure and sequence distribution of the copolymer was investigated by means of various high-
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resolution NMR techniques. Gradient copolymers were obtained with OEGMA-rich and TFEA-rich 
blocks in the copolymer. The LCST of the poly(OEGMA-co-TFEA) copolymer in water was 
determined to be around 318 K by using turbidity and DLS experiments. In order to further understand 
the mechanism driving the thermo-responsive properties, 
1
H 2D NOESY experiments were conducted 
as a function of temperature. In addition, MD simulations for single and multiple poly(OEGMA-co-
TFEA) chains were conducted to support the experimental measurements. Below the LCST, a coil-like 
conformation is adopted and unimers are dominant in solution. As the temperature was further 
increased above the LCST, collapsed chains were observed. In the meantime, large particles were 
formed, due to the aggregation of polymer chains as supported by the DLS results and MD simulations 
of an ensemble of three polymer chains. As a consequence, the cross-peak intensities in the NOESY 
NMR experiments increased significantly as the temperature was increased above the LCST. 
 
In order to consider the influence of dissolved salt on the responsive 
19
F MRI CAs, in Chapter 4, 
molecular-level studies of ion-responsive poly(OEGMA-co-TFEA) copolymers in the aquaeous NaCl 
solutions were conducted through the combination of experimental techniques (DLS, 
1
H and 
19
F NMR) 
and MD simulations. Initially, the hydrodynamic diameter (Dh) of the copolymer was measured by 
DLS and found to decrease on addition of NaCl to the solution, indicating intramolecular aggregation 
of the polymer in the presence of NaCl. In addition, the results of 
1
H 2D NOESY and MD simulations 
indicate that OEGMA side chains tended to undergo inter-side chain association and that the 
displacement of the side chains with respect to the main chains decreased. It was also observed that Na
+
 
ions were wrapped by the ether oxygen atoms of many OEGMA side chains, driving a partial 
dehydration of the copolymer. Furthermore, the 
19
F NMR T2 decreased with increasing NaCl 
concentration. Finally, the copolymer was incubated with normal breast and cancer cells (MCF-12A 
and MCF-7, respectively) and the 
19
F NMR T2 relaxation time in the cancer cells found to be 
significantly lower than that in normal cells.  
 
The use of TFE  as the fluorinated monomer has several drawbacks and one of the consequent 
limitations is the low fluorine content of current 19F MRI   s  In order to develop a new class of 19F 
MRI contrast agent with high fluorine content, in Chapter 5, perfluoropolyethers (PFPEs) were chosen 
as the fluorinated moiety. The structural characteristics, 
19
F NMR relaxation times (T1 and T2), 
19
F MR 
images  of phantoms and 
19
F MRI performance (SNR) of the PFPEs end-functionalised homopolymer 
of OEGA (poly(OEGA)-PFPE) were studied and compared in detail with results from the TFEA-based 
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copolymers (poly(OEGMA-co-TFEA)). A long
 19
F T2 was obtained for all of the poly(OEGA)-PFPE 
polymers (> 85 ms) and no obvious decrease was observed in 
19
F T2 with increasing fluorine content. 
However, for the poly(OEGMA-co-TFEA) copolymers, the 
19
F T2 dropped dramatically with an 
increase of fluorine content. Moreover, the SNR of
 19
F MRI images of the poly(OEGA)-PFPE 
polymers increases linearly with increasing fluorine content while for the copolymer, the SNR starts to 
decrease as the fluorine content reaches a certain value. A comprehensive comparison of 
19
F NMR and 
MRI properties between the two classes of polymer indicates that PFPEs are a promising fluorinated 
monomer for the synthesis of highly sensitive 
19
F MRI contrast agents. 
 
The combination of experimental measurements and MD simulations is a powerful tool to investigate 
changes in conformation of thermo-responsive polymers. In Chapter 6, we applied this combination to 
investigate the changes in conformation and mobility during the thermally-induced phase transition of 
dendronized polymethacrylate polymers (PG1 and PG2(A)). The cores of the dendrons and the 
polymeric main chain are highly rigid below the thermal transition and increasingly so above the LCST. 
The results of experiments and MD simulations indicate that below the LCST the polymer chains most 
likely exist as unimers in solution, and the OEG segments in the periphery interact more strongly as the 
temperature is increased. Above the LCST, the OEG chains from both the same and adjacent dendron 
units aggregate to drive the formation of larger particles. Furthermore, the formation of aggregates 
having different size and mobility above the LCST was observed using diffusion-ordered NMR, which 
is likely initiated by the association of OEG chains in the periphery.  
 
In summary, 
19
F MRI has been considered a promising complementary modality to 
1
H MRI, the 
dominant MRI modality in routine clinic scans. In this thesis, the thermo- and ion-responsive polymers 
as well as the high-fluorine containing polymers have been synthesized using RAFT technique and 
evaluated as contrast agents for 
19
F MRI-related applications. The molecular-level characterisations of 
the responsive 
19
F MRI CAs gained in this thesis provides useful guidance for the future design of 
highly-efficient contrast agents for 
19
F MRI-based molecular imaging and therapy. 
 
